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ABSTRACT

VARIOUS OPERATIONAL ASPECTS OF THE EXTRACTION OF CRITICAL MINERALS
FROM ACID MINE DRAINAGE AND ITS TREATMENT BY-PRODUCT
Zhongqing Xiao

Acid mine drainage (AMD) is environmentally hazardous acidic water, which is continuously
generated in large volumes at coal mining sites, typically when pyrite is exposed to oxygen and
water. As its continuous migration under the geologic conditions, AMD tends to leach metal
elements out from the surrounding minerals, leading to high concentrations of metal elements, like
iron, aluminum, magnesium, manganese, lead, arsenic, as well as critical cobalt and rare earth
elements (REEs). AMD must be treated and monitored to meet the effluent limits, under U.S.C
§1251, the Clean Water act, before being discharged to receiving streams.
Recently, the research is interested in the feasibility of refining REEs and cobalt from AMD as
well as other 33 critical mineral elements listed by the U.S. Geological Survey (USGS) since their
strategic importance, economic potential, and environmental advantage. REEs have unique
chemical and physical properties that can be applied in a variety of industries and technologies,
such as clean energy and defense technologies. Cobalt is considered with strategic importance
since it has many vital properties applied in various fields, especially in the renewable energy area.
Recently, acid mine drainage precipitates (AMDp) as the by-product of AMD treatment, generated
in the Appalachian region, was proved to be the potential alternative resources of REEs as well as
other critical minerals, considering the high concentration of REEs contained, abundant volume,
the convenience of access, fewer processing steps comparing to raw ores, and the benign processes
to the environment.
This research is composed of two separate studies as operational aspects of the extraction of critical
mineral elements from AMDp. Three AMDp samples with different concentrations of critical
mineral elements, generated from different mine sites in the Appalachian region, were the original
feed of this research. All AMDp samples were treated with nitric acid leaching processing to
produce pregnant leach solution (PLS) as the feed of solvent extraction (SX) process.
The first part studied the origin of the crud formation during the REEs SX process, then coming
up with a mitigation solution accordingly, considering that crud formation is very deleterious since
it can decrease solvent extraction efficiency and cause the loss of organic extractants. A testing
scheme was specially designed to investigate the crud formation during the REEs SX process. The
aqueous and crud samples were collected and characterized to study the distribution of various
metal elements in different phases following mass balance calculations. Afterward, an
experimental protocol was developed and implemented to successfully mitigate crud formation

with respect to different feedstocks.
The second part investigated and identified an optimum recovery process for extracting cobalt
from the REE SX raffinate, considering cobalt stays in the remaining raffinate instead of coextracted with REEs during the REE SX process. A cobalt extraction process was developed and
optimized, and various unit processes were investigated, including selective precipitation, solvent
extraction, scrubbing, and stripping. Under the optimized operating conditions, around 93 wt.% of
cobalt (proportion of PLS feed) was extracted to the organic phase at one cobalt SX stage.
Afterward, approximately 85 wt. % of cobalt was concentrated from the PLS into the strip solution.
About 35 wt. % of aluminum, 53 wt. % of calcium, 45 wt. % of magnesium, 86 wt. % of manganese,
3 wt. % of nickel, and 4 wt. % of zinc, referring to the concentration in the PLS, was co-stripped
into the solution, which comprises the major impurities. The test results also suggest a possibility
of separating nickel from cobalt and manganese, while the latter two are coextracted, which may
require further separation.
To validate that the developed testing protocol can be applied to different aqueous chemistry
systems for cobalt recovery, a synthetic solution following the composition of the REE SX
raffinate, but with an increased concentration of cobalt, was prepared and used during the study.
The results obtained from the synthetic solution are relatively consistent, with certain variations
being observed. Approximately 98 wt.% of cobalt was extracted at the cobalt SX stage. After
stripping, about 88 wt.% of cobalt was concentrated into the aqueous solution, along with several
other metals. The variation may be due to the chemistry difference between the real and synthetic
systems, such as elemental compositions and concentrations. However, the test results obtained
with the synthetic solution validate that the developed testing protocol can be applied to different
systems for cobalt recovery.

KEYWORDS: Acid Mine Drainage, Cobalt, Rare Earth Elements, Critical Minerals, Solvent
Extraction, Crud, Saponification, Scrubbing, Stripping.
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Chapter 1. Introduction
1.1 Background on Acid Mine Drainage (AMD)

When sulfide minerals, such as pyrite (FeS2), are exposed to oxidizing conditions, like air, they
are oxidized in water by oxygen to form sulfuric acidic water, which can dissolve metal minerals
as it flows unpredictably. The acidic water enriched with heavy metal elements in coal mines sites
is called AMD. AMD is usually found in red, orange, or yellow within iron hydroxide precipitates,
commonly referred to as “yellow boy” (US Environmental Protection Agency, 1994). The produce
of AMD happens naturally under weathering with the help of bacteria, accelerating the rate of acid
generation (Johnson & Hallberg, 2003). However, the liberation of sulfide minerals related to the
exposed surface area is slow, and discharge of the acidic water has minor threats to receiving
streams. On the contrary, mining activities, like blasting operations, extraction, and beneficiation
operations, help liberate these sulfide minerals from being exposed.
AMD could be found both in surface mining and underground mining. However, in underground
mining, AMD is more likely to be neutralized eventually with alkaline minerals, like calcite and
dolomite, depending on the local type of rock around. Meanwhile, iron contents present in these
AMD in underground mining are generally ferrous rather than ferric. AMD is common in surface
mining, generated in waste dumps containing sulfide minerals with water flowing. Even though
alkaline minerals could also be in these waste dumps, AMD is hardly neutralized when it flows
out from waste dumps under the force of gravity (Akcil & Koldas, 2006; Capo et al., 2001; US
Environmental Protection Agency, 1994; C. R. Vass, 2019).
The generation of AMD is typically continuous and in large quantities in the coal mine area. It
brings serious water quality challenges to the environment and ecology. The acidity of AMD is
harmful to animals, plants, humans, and aquatic life. Besides, the heavy metal elements containing
in AMD could damage human health directly or indirectly (Geoffrey & Sehliselo, 2021; Sangita
et al., 2010).

1.2 Background on Rare Earth Elements (REEs) and Cobalt

Minerals play an essential role in our daily lives. Mineral commodities are critical for the overall
function of modern society. In 2011, as shown in Figure 1, the Department of Energy reported five
rare earth elements (REEs), including Neodymium, Dysprosium, Europium, Yttrium, and Terbium,
as critical mineral elements. In 2018, the U.S. Department of the Interior published a list of 35
critical minerals, including REEs and cobalt, considering their importance to the economic and
national security of the United States (Ellis, 2018). These minerals have essential applications in
existing and emerging technologies, renewable energy, and national security. They are often nonsubstitutable, especially in high-tech industrial, defense, and medical sectors. (U.S. Department of
Energy, 2011; U.S. Geological Survey, 2020). The department of Energy suggested three strategies
to face the potential challenges and risk of steady supply: 1) diversified global supply chains; 2)
1

substitutes; 3) recycling, reuse, and more efficient use (U.S. Department of Energy, 2011). This
thesis focuses on the third strategy, to use alternative resources that can boost supply and lower
costs while reducing the environmental impact of mining and processing.

Figure 1 Medium-term (2015-2025) criticality matrix (U.S. Department of Energy, 2011).

1.2.1 Rare Earth Elements

As shown in Figure 2, REEs are a general term of seventeen elements that are inclusive of fifteen
lanthanide elements (atomic numbers 57–71), scandium (atomic number 21), and yttrium (atomic
number 39). All lanthanide elements occur naturally, except promethium (Pm), because it is scarce
and has no stable isotopes. Yttrium and scandium are considered rare-earth since they tend to
happen in the same deposits as the rare earth and have similar physical and chemical properties
and because they have affinities with the lanthanides (Chakhmouradian & Wall, 2012). According
to their atomic weight, electronic structure, and geochemical properties, REEs are divided into two
subsections, the light REEs and the heavy REEs. Generally, light REEs include lanthanum through
gadolinium (atomic numbers 57 through 64). Heavy REEs have terbium through lutetium (atomic
numbers 65 through 71). Although yttrium is light (atomic number 39), it is considered Heavy
REEs because of its common chemical and physical affiliations with the other Heavy REEs. In
nature, most REEs exist in a trivalent charge form with similar ionic radii. Cerium could be in a
Ce4+ valence state, and europium could be in a Eu2+ valence state. Meanwhile, as the number of
atoms goes up one by one, the ionic radius of the trivalent lanthanide ions decreases, which is
called lanthanide contraction (Figure 3). The difference in microstructure property is helpful for
individual REEs separation in processing (The U.S. Geological Survey, 2017).

2

Figure 2 Rare earth elements in the periodic table.
(http://www.rareelementresources.com/rare-earth-elements#.XujfdkVKiwA)

Figure 3 Radii (in nanometers) of the trivalent ions of REEs (The U.S. Geological Survey, 2017).
3

REEs were named “rare earth” because they were initially discovered in oxides within relatively
rare minerals. It is common for people to assume that the abundance of these minerals is
uncommon in nature when they first heard the name. On the opposite, as shown in Table 1, the
abundance of rare earth in the Earth’s crust is estimated to be high. All the REEs except
promethium are more abundant than silver, gold, or platinum in the Earth’s crust on average (The
U.S. Geological Survey, 2017). Among them, cerium is the most abundant REE, which is even
more common in earth crust than copper or lead (Lide, D.R., 2004). REEs are not rare in terms of
average crustal abundance, but concentrated and economic deposits of REEs are limited in number
(Adams, J.W. and Staatz, 1973). Bastnaesite, monazite, and xenotime are the three typical minerals
containing REEs. Global reserves of REEs estimated on a rare earth oxide basis is about 130
million metric tons. The top four countries with the largest resources are China, Brazil, Australia,
and India (Gambogi, 2017).

Table 1 The crustal abundance of REEs (The U.S. Geological Survey, 2017).
Element

Symbol

Atomic Atomic
number weight
Light REEs

Crustal abundance
(part per million)

Lanthanum

La

57

138.91

39

Cerium

Ce

58

140.12

66.5

Praseodymium

Pr

59

140.91

9.2

Neodymium

Nd

60

144.24

41.5

Samarium

Sm

62

150.36

7.05

Europiuum

Eu

63

151.96

2

Gadolinium

Gd

64

157.25

6.2

Heavy REEs
Yttrium

Y

39

88.91

22

Terbiuum

Tb

65

158.92

1.2

Dysprosium

Dy

66

162.5

5.2

Holmium

Ho

67

164.93

1.3

Erbium

Er

68

167.26

3.5

Thulium

Tm

69

168.93

0.52

Ytterbium

Yb

70

173.04

3.2

Lutetium

Luu

71

174.97

0.8

4

REEs have unusual and valuable chemical and physical properties that can be applied in various
industries and technology, as shown in Figure 4. Significantly, the use of REEs in clean energy
and defense technologies is continuing to increase. Below is the summary of REEs application
(Goonan, 2011): (1) Catalysts: lanthanum-based catalysts used in petroleum refining; Ceriumbased catalysts used in automotive catalytic converters. (2) Permanent magnets: Neodymium-ironboron magnets used in hard disk drives, cell phones, electric motors for hybrid vehicles and
windmills, and actuators in aircraft; Samarium-cobalt magnets have better heat tolerance. Ideal for
precision-guided missiles, smart bombs, and aircraft. (3) Phosphors: used in cathode ray tube, flat
panel display screens, incandescent, fluorescent, and light-emitting diode lighting. (4) Glass
industry: used in glass polishing and as additives to provide color and special optical properties to
glass. (5) other applications: nickel-metal hydride batteries, synthetic gems, crystals for lasers,
microwave equipment, superconductors, sensors, nuclear control rods, cryocoolers, and pigments
for ceramics. Potential new uses for REEs are in nano filters, memory devices, power converters,
optical clocks, infrared decoy flares, and fusion energy.

Figure 4 Applications of rare earths elements in the United States (US Geological Survey, 2013).

5

During the past decade, more than 90 percent of global production and supply is from China (The
U.S. Geological Survey, 2017). In 2010, China started to downsize the supply because the REEs
resources are limited, and mining activities can cause negative consequences on the environment.
For example, the rare earth minerals in ore deposits often contain considerable radioactivity
elements, such as thorium and uranium, which need to be treated to minimize the negative impact
on the environment. This caused increasing in REEs prices and shortages in downstream markets
(Jordens et al., 2013). China agreed in 2014 to remove the restrictions. This leads to the concern
of many countries. Related institutions started to explore and develop deposits outside of China,
alternative natural concentrated REEs resources, recycling from disused materials, and profitable
and environmentally friendly refining process, considering the strategic importance and supply of
REEs. After 2010, junior mining companies increased the investment in additional REE resources
outside of China. However, by 2015, many of these companies entered bankruptcy or lost interest
in REEs due to the lower prices, including The Mountain Pass in the United States. Recently, The
Mount Weld deposit in Australia is the only mine company that produces REEs products outside
of China (C. R. Vass, 2019). In the future, as the demand for green technologies and electronic
devices continually increasing, the demand for rare earth production is also expected to increase.
These clean energy technologies include wind turbines, electric vehicles, photovoltaic thin films,
and energy-efficient lighting (U.S. Department of Energy, 2011; Van Gosen et al., 2019).

1.2.2 Cobalt

Cobalt is a metal element with silver-gray color. The atomic number of cobalt is 27 in the periodic
table. The standard oxidation valence states of cobalt are 2+ and 3+. Traditionally, cobalt-based
blue pigments are considered a source of blue color for paints, glass, and ceramics. In 1735,
Swedish chemist, Brandt, successfully isolated cobalt as a pure metal. In the 20th century, critical
properties of cobalt had been applied in many fields (Figure 5), especially in the clean energy areas.
Therefore, cobalt is considered with strategic importance. Cobalt has a high melting point, used in
superalloys for turbine engines for jet aircraft and terrestrial energy generation. The advantage of
hardness and wear-resistance as alloys is applied in cemented carbides for cutting tools and wearresistant components. Because of ferromagnetism, cobalt is a part of permanent and soft magnetic
alloys used in marine propulsion systems and missile guidance systems. The low thermal and
electrical conductivity of cobalt determines its use in rechargeable batteries, which is important
for electric and hybrid-electric vehicles (Slack et al., 2017). 59Co is a stable isotope in nature,
while 60Co is an artificial radioactive isotope produced in nuclear reactors used for radiotherapy
and cancer treatment (Pourret & Faucon, 2016).
Cobalt crustal abundance in the Earth’s crust is 26.6 ppm (Rudnick & Gao, 2013), but not often
enriched enough to be mined economically on a large scale. The total cobalt resources in terrestrial
deposits are around 25.5 million metric tons (Slack et al., 2017). Figure 6 shows the cobalt reserves
worldwide as of 2020. The world's largest cobalt reserves are in the Democratic Republic of Congo.
Cobalt is primarily mined from three types of deposit: sulfide ores, laterite ores, and copper-cobalt
6

ores. In magmatic nickel sulfide ore, cobalt is mainly presented in the common mineral, pentlandite
(Ni, Fe, Co)9S8. In the limonite layer of laterite ores, cobalt exists in goethite (Fe, Ni, Co)OOH.
Copper-cobalt ores are the primary type of ore in deposits of the Democratic Republic of the Congo,
and cobalt is found in carrollite, Co2CuS4.(Crundwell et al., 2011a). Extensive cobalt resources
also found in sea-floor iron-manganese-rich nodules and crusts (British Geological Survey, 2020).

5%

3%

5%
30%

7%

9%

9%
Batteries
Superalloys
19%
Cemented carbides and diamond tools
Catalysts
13%
Pigments and other ceramic uses
Magnetic alloys
Hardfacing, steels, and other alloys
Drying agents for paints, rubber adhesion promoters, other carboxylate uses
Other chemical uses

Figure 5 Major end uses of cobalt as a percentage of consumption worldwide in 2011 (after
Slack et al., 2017).
As shown in Figure 7, from 1950 to 2011, the overall world’s production of cobalt increases. In
2014, around 50% of the world’s cobalt was mined from the Democratic Republic of the Congo
(Pourret & Faucon, 2016). Most cobalt is mined as a by-product (companion metal) of primary
nickel and copper deposits. Recycle cobalt from waste electronic products and batteries is also
developed. In 2011, around 75000 metric tons of cobalt were consumed. China was the leading
refiner of cobalt, and most of its refined cobalt ores come from the Democratic Republic of the
Congo.

7

Figure 6 Cobalt reserves worldwide in metric tons as of 2020.
https://www.statista.com/statistics/264930/global-cobalt-reserves/, Data from (Ore et al., 2021)

Figure 7 Worldwide production of primary cobalt (1995-2010) (Slack et al., 2017).
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1.3 Research Aims and Motivation
1.3.1 Motivation

Critical minerals like REEs and cobalt have economic and strategic importance considering their
traditional deposit resources, global supply crisis, and ever-increasing demand. To overcome the
challenges associated with the critical minerals supply, the Department of Energy suggested
diversifying global supply chains, seeking substitutes, and recycling and reusing. Recent studies
at West Virginia University and Virginia Tech have shown that the AMD and acid mine drainage
precipitates (AMDp) generated at the coal mines in the Northern Appalachian region are enriched
in REEs. Chris Vass (2019) investigated the concentration of REEs in AMD and AMDp at nine
mine sites in the Northern Appalachian coal region. The REE concentration in these AMDp
samples varied from 29 to 1,286 pm with an average of 517 ppm, which is much higher than its
crustal abundance and the REE concentration of typical coal materials. Compared to traditional
REE-bearing minerals, heavy rare earth is more abundant than light ones in the AMD samples.
The estimated REEs produced from AMD in this region are reported to be between 771 and 3400
tonnes per annum (C. R. Vass, 2019). Later, Chris Vass and his co-workers (C. R. Vass et al.,
2019b) extended the effort through a broad survey of 141 AMD treatment sites in the Northern
and Central Appalachia. 185 raw AMD and 623 AMDp field samples were obtained and analyzed.
The complete analysis results indicate that an average of 282 μg/L and 724 g/tonne of REEs occurs
in AMD and AMDp, respectively. A total REE resource of 340 tonnes was estimated at the 141
sites sampled. Meanwhile, continuously generated AMD around mine sites is hazardous to the
environment and needs to be treated. Therefore, AMD could be considered as an alternative
resource for REEs. Compared to traditional mineral deposits, there is no rock liberating required
for processing since REEs are already leached into the solution or precipitated in the sludge, saving
energy and cost. Therefore, there has been continuously increased interest in using AMD as a
potential resource for producing REEs and cobalt by investigating and establishing separation
processes while lowering costs and reducing the environmental impact of mining and processing.

1.3.2 Research Objectives

This thesis mainly aims at two operational aspects of the extraction of critical minerals from
AMDp. One is to study the formation of crud during rare-earth solvent extraction (SX) and develop
a separation process to mitigate crud and improve the extraction of REEs. The formation of crud
during REE SX, with D2EHPA being the extractant, is frequently seen in the extraction process.
However, it causes numerous issues, such as the blockage of equipment along with the loss of
organic phases, low extraction of REEs, which renders the process economically prohibitive. For
the purpose of crud mitigation, the crud formed during laboratory testing needs to be separated
and dried for component analysis and characterization to study the distribution of various metal
elements in different phases following mass balance calculations. Afterward, an experimental
protocol needs to be developed and implemented to mitigate crud formation with respect to
different feedstocks successfully. The other focus of this thesis is to establish extraction procedures
with suitable conditions to concentrate and purify cobalt that is found in the REE SX raffinate.
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Based on the developed process from the study, cobalt enriched in the aqueous solution with high
recovery and purity after proper SX, scrubbing, and stripping, is ready for subsequent precipitation.
The synthetic feed solution was also prepared to validate the developed cobalt extraction process
with respect to different aqueous chemistry systems.

1.3.3 Thesis Organization

This thesis is organized into six chapters. Chapter 1 is an introduction of the background, research
aims, and motivation. Chapter 2 is a comprehensive literature review regarding the AMD, REEs,
and cobalt in AMD, traditional recovery methods of REEs and cobalt, and the formation of crud
during SX.
Chapter 3 introduces the preparation of pregnant leach solution (PLS), which is the feedstock used
throughout the study, by leaching AMDp samples, followed by characterizing the formed crud
during REEs SX and investigating the causations. In the end, a separation process was developed
and applied to mitigate the formation of crud to enhance subsequent REEs extraction.
Chapter 4 focuses on the process development and optimization for cobalt extraction procedures
while using the raffinate generated from REEs SX as the feedstock. Unit processes investigated
include SX, scrubbing, and stripping, with optimized operating conditions being identified for each
of them.
Based on the results obtained from Chapter 4, a synthetic solution with an elevated concentration
of cobalt and other select metal elements was used in Chapter 5 to validate the developed cobalt
extraction process with respect to different aqueous chemistry systems in terms of element
compositions and concentration. Chapter 6 is a summary of conclusions and major findings drawn
from this thesis study.

10

Chapter 2. Literature Review
2.1 Acid Mine Drainage
2.1.1 Formation of AMD

Acid mine drainage is a long-standing challenge facing the mining industry globally. The acid
mine drainage is formed when sulfide-bearing minerals such as pyrite are exposed to water and
oxygen. Acidic and metal-rich mine water is thus formed and imposes a severe environmental
hazard. Although this process occurs naturally, mining can promote AMD generation simply by
increasing the quantity of sulfide exposed. Therefore, acid mine drainage is produced as a result
of various aspects of the mining operation. The reactions governing acid generation can be
complex since both geochemistry and aquatic chemistry are involved. However, the occurrence of
AMD can be best illustrated by studying the oxidization of pyrite (FeS2), which is one of the most
common sulfide-containing materials. The pyrite oxidization can be summarized as shown below
(Akcil & Koldas, 2006; Gray & Eppinger, 2012; Johnson & Hallberg, 2005; Skousen et al., 2015;
US Environmental Protection Agency, 1994). First, pyrite is oxidized by oxygen in water resulting
in the presence of ferrous ions, as well as sulfate, and hydrogen ions, which are the components
needed for sulfuric acid generation. The increase in the hydrogen concentration indicates a
decrease in the solution pH value:
FeS2 + 7/2 O2 + H2O → Fe2+ + 2SO42- + 2H+

(1)

Later, ferrous ions are oxidized by oxygen with hydrogen ions present in the solution, which leads
to the formation of ferric ions and water. This process is slow at low pH values.
Fe2+ + 1/4 O2 + H+ → Fe3+ + 1/2 H2O

(2)

When the pH value is less than 3.5, with the presence of the iron bacterium, Thiobacillus
ferrooxidans, a larger amount of pyrite may be dissolved via the reaction with ferric ions based on
Eq (2):
FeS2 + 14Fe3+ + 8H2O → 15 Fe2+ + 2SO4 2- +16H+

(3)

Finally, when the pH value of the solution is between 2.3 and 3.5, ferric ions start to precipitate as
Fe(OH)3:
Fe3+ + 3H2O → Fe (OH)3 solid + 3H+

(4)

The primary factors that determine the rate of AMD generation include water pH, water
temperature, oxygen concentration, degree of saturation with water, the surface area of exposed
metal sulfide, the presence of alkaline material, chemical activity, and bacterial activity. The
prediction of AMD formation and control can be achieved by investigating and changing these
factors. However, because these factors vary significantly at different mine sites and even within
the same mine but different locations, prediction becomes extremely difficult and costly. It’s not
feasible to control AMD’s formation from its sources due to complex, varied geological conditions.
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Treatment must be improved specifically to adapt to various AMD water (Johnson & Hallberg,
2005; US Environmental Protection Agency, 1994).

2.1.2 Treatment of AMD

Coal mine operators in the United States must meet water quality standards under the U.S. Code
§ 1251, the Clean Water Act. AMD is required to be treated before discharge with allowable
pollutant discharge levels. The primary purpose of treatment is to generate water of neutral pH, as
well as reduce the concentration of heavy metal elements to the environmental limits. Because of
the lack of economic profits, the treatment process is preferred to be low-cost, easy to install and
maintain, and producing limited quantities of solid by-products (Gazea et al., 1996). Treatment of
AMD is based on chemistry and biology. The two main categories of AMD treatment are “active”
and “passive.” Active treatment is more related to abiotic systems, where alkaline chemicals are
added to neutralize the acidity and precipitate metals. While passive treatment is more pertaining
to a biological system, taking advantage of naturally occurring chemical and biological reactions
to cleansing AMD. Conventionally, AMD is treated with alkaline chemicals. In recent years, a
variety of passive treatment systems have been developed. Table 2 shows the advantages and
disadvantages of each of the two methods. Active treatment usually requires higher costs and labor,
as well as the maintenance of the treatment facility. AMD formation is a long and continuous
process; thus, active treatment has certain limitations. In comparison, passive treatment is less
costly with less input of energy, reagents, human resources, and maintenance but requires more
treatment area (Jamil & Clarke, 2013).
Table 2 Comparison of passive and active AMD treatments (Jamil & Clarke, 2013).
Method
Cost
Labor requirement
Treatment area
Metal recovery
Control
Predictability

Passive
Low
Small
Large
Difficult
Poor
Poor

Active
High
High
Small
Easy
Good
Good

2.1.2.1 Active Treatment
Active treatment involves the addition of alkaline chemicals. The conventional alkaline chemicals
are limestone, lime, sodium hydroxide, sodium carbonate, or ammonia to achieve neutralization
(Table 3). Limestone is typically used considering its economic and practical advantages.
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Table 3 Chemical compounds typically used in AMD treatment (Skousen et al., 2015).
Common Name
Limestone
Hydrated Lime
Pebble Quicklime
Soda Ash
Caustic Soda
(solid)
20% Liquid
Caustic
50% Liquid
Caustic
Ammonia

Chemical Name
Calcium carbonate
Calcium hydroxide
Calcium oxide
Sodium carbonate
Sodium hydroxide

Formula
CaCO3
Ca(OH) 2
CaO
Na2CO3
NaOH

Sodium hydroxide

NaOH

Sodium hydroxide

NaOH

Anhydrous ammonia

NH3

Treatment facilities are an integral part of the AMD treatment process, including agitated reactors,
precipitators, clarifies, thickeners, and operation maintenance facilities. A typical treatment
flowsheet at mine sites is given below (Figure 8):
AMD

Pre-aeration

Clarifier

Ferrous reactor

Lime system

CaO / Ca(OH)2

Polymer

Clean water
Sludge

Figure 8 AMD treatment process flow diagram.
During the treatment, the pH value of AMD is increased by the presence of hydroxyl ions and their
consumption of hydrogen ions. Dissolved metal elements precipitate as metal hydroxides, which
are denoted acid mine drainage precipitates (AMDp) or AMD sludge, and can be described as
follows (using CaCO3 as an example)(C. R. Vass et al., 2019a):
CaCO3 + H2SO4 = CaSO4 + H2CO3

(5)

3CaCO3 + Fe2(SO4)3 +6H2O = 3CaSO4 + 2Fe (OH)3 + 3H2CO3

(6)

3CaCO3 + Al2(SO4)3 +6H2O = 3CaSO4 + 2Al (OH)3 + 3H2CO3

(7)

The characteristics of AMDp vary from the treatment site to treatment site. Typically, AMDp is a
sludge enriched with iron along with other metal elements at different concentrations. AMDp tends
to be enriched in calcium and magnesium when using lime, and silicon, and aluminum when
interacting with limestone drains. (Stewart et al., 2017). In mine processing plants, coagulant and
flocculant could be applied to help sedimentation of AMDp. Since suspended particles in water
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have the same type of negative surface charge, they tend to stay away from each other and not
combine. Coagulant chemicals have opposite charges that can neutralize the negative charges.
Inorganic coagulants such as aluminum and iron salts are most used. After that, flocculation is
added to increases the particle size to visible suspended particles. (Stechemesser & Dobiáš, 2005).
After treatment, clean water is discharged to receiving streams, while sludge is difficult to handle
and dispose of effectively. Harry et al. reported a design of a chemical and biological treatment
process to remove iron from AMD without the generation of sludge. The system included the
oxidation of ferrous iron in a packed bed bioreactor, the precipitation of iron within a fluidized
bed, the removal of manganese and heavy metals in a trickling filter at high pH (>9), with the final
neutralization in a carbonate bed. (Harry R Diz et al., 1997)

2.1.2.2 Passive Treatment
Passive treatment is applicable during the mine operation as well as in the post-closure period with
the help of a natural system. It is a slow process that requires a longer time and a larger area than
conventional methods. The start and development of passive treatment studies are in the early
1980s. Wetlands with plants, soil, and other biological materials are involved in the passive
treatment, and sometimes with the addition of organic substrate (Gazea et al., 1996). For example,
organic solid waste was studied as an alternative substrate to replace expensive carbon sources
substrates. (Jamil & Clarke, 2013)
Passive treatment is mainly be used to treat AMD with a low metal content since it is a system
combining chemical, biological and microbiological processes. The clogging related to the
precipitation of metals with hydraulic problems could have a negative effect on biological and
microbiological activities (Kalin et al., 2006). Primary passive treatment technologies include: 1)
aerobic wetlands: oxidation reactions occur, and metals precipitate as hydroxides and
oxyhydroxides; 2)anaerobic wetlands: anaerobic bacterial activity resulting in sulfate reduction
and the subsequent precipitation of metal sulfides; 3)open limestone channel (OLC): OLC consists
of open channels or ditches lined with limestone. When AMD flows over the limestone, dissolution
of the limestone adds alkalinity to the water; 4)anoxic limestone drains (ALDs): Anoxic limestone
drains generate alkalinity and may be used for the pretreatment of the acidic mine waters;
5)successive alkalinity producing systems (SAPS): combine the use of an ALD and an organic
substrate into one system (Gazea et al., 1996; Sangita et al., 2010).

2.2 Alternative Resources of REEs and Cobalt

Conventionally, REEs are produced from REEs ore minerals, and hydrometallurgical methods
developed for REEs recovery are only commercially applied to these conventional REEs deposits.
It is critical to seek and develop REE ore deposits that meet the cut-off grade and are commercially
attractive. However, these deposits are highly unusual. Therefore, concentrated alternative
resources of REEs are needed from a sustainable supply standpoint. Researchers have put efforts
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into REE recovery from the rare-earth-containing industrial residues, such as the phosphogypsum,
phosphoric acid sludge, and red mud (Borra et al., 2016; Li, 2010). However, limited studies have
been conducted on AMD and its treatment by-products for REE recovery of REE. The information
is also lacking concerning cobalt extraction from AMD and its sludge materials. Numerous works
have been conducted on cobalt recovery from batteries; however, additional studies on cobalt
recovery from AMD and its treatment by-products will be of great interest to the scientific
community.

2.2.1 REEs in Coal and Coal Byproduct

In 1935, Goldschmidt reported that REEs had been observed in coal ashes in many cases
(Goldschmidt, 1935). Schofield et al. later determined the REE contents and relative abundances
in coal (Schofield & Haskin, 1964). Finkelman et al. studied accessory minerals in bituminous
coal using Scanning Electron Microscopy (SEM), and REE minerals were found as the most
abundant accessory phases in the coal (Finkelman & Stanton, 1978). It was also found that REEs
abundances have a positive correlation to the coal ash contents. The thickness of the coal layers is
also related to the REE abundances. REEs mainly exist in the aluminosilicates of the mineral
matter in the coals. Sources of REEs in coals are mainly the suspended terrigenous materials. The
enrichment of REEs in the ash of low-ash coals is explained as the interaction between the
dissolved REEs and the products of disintegration and decay of organic substances, mostly the
humic acids (Eskenazy, 1987). Charles et al. reported that detectable REE concentrations were
found at the abandoned mines in the Anthracite and Bituminous Coalfields of Pennsylvania
(Cravotta, 2008). Coal ash from a Kentucky power plant was reported to contain approximately
1213.6 – 1667.6 mg/kg total rare earth elements (TREEs) in the fly ash and 1202.5 mg/kg TREEs
in bottom ash (Mayfield & Lewis, 2013). In 2015, the U.S. Department of Energy National Energy
Technology Laboratory initiated 10 projects with total funds of $10.6 million to investigate the
feasibility of recovering REEs from coal and coal by-products, especially solid-phase feedstocks,
including coal tailings and coal fly ash (Gambogi, 2017; US Department of Energy, 2017).
However, another resource with significant potential is the aqueous-phase AMD generated through
coal mining. There is a potential to produce critical minerals from AMD, while reducing the
environmental hazards it poses (C. Vass, 2016).

2.2.2 REEs in AMD and AMD Treatment By-products from Coal Mines

Like iron mentioned in chapter one, when AMD contacts with REE-bearing minerals, REEs are
dissolved into AMD as sulfate with the formation of (RE)SO4+. It is the primary form of dissolved
REE either in the solution or in solids (Grawunder et al., 2014; Ziemkiewicz & Water, 2016). The
pH value of AMD water is critical in determining the concentration of REEs in a solution. Sun et
al. studied the REE concentrations in AMD in Shanxi, China. With an increase in the pH value,
the concentrations of REEs in AMD decrease, and the maximum removal rate presents at pH 4 to
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5. (Sun et al., 2012). Chris Vass mentioned the REE concentration in AMD is a strong function of
solution pH. When the pH value of AMD samples is below 4, the average TREE concentration is
371 ug/L. When the pH value of AMD samples is above 4, the average TREE concentration is 88
ug/L. Moreover, the concentration of radioactive elements, thorium, and uranium, in the AMDp
samples is less than 6g/tonne. Net-acidic aboveground and surface mines have a significantly
higher TREE flux than net-alkaline flooded underground mines. Figure 9 shows the change of
REE concentration as a function of the pH of coal mine water collected from the Appalachian Coal
Basin (C. R. Vass, 2019). Stewart et al. reported that REE concentration in coal mine drainage is
inversely related to the solution pH, and significantly less at pH values above 6.6. REEs could be
adsorbed and/or precipitated at higher pH values (Stewart et al., 2017).

Figure 9 Relationship between the aqueous solution pH and its TREE concentrations (C. R.
Vass, 2019)
AMD and AMDp generated at coal mines in the Appalachian Basin have been proved to be an
alternative source of REEs compared to conventional deposits. Stewart et al. investigated potential
REE resources in AMD and AMDp in the Appalachian region, with data reported on 18 AMD and
22 AMDp samples. The results show that AMD is enriched in REEs relative to unaffected stream
waters by 1.4 orders of magnitude. Meanwhile, AMDp is more enriched in REEs by a factor of 5
- 7×103, compared to AMD raw water. He estimated the total potential REEs resources in AMD
with the Appalachian region is about 538 tonnes per year. Further, Chris Vass investigated the
concentration of REEs in AMD and AMDp at nine mine sites in the Northern Appalachian coal
region. The REE concentration in these AMDp samples varied from 29 to 1,286 pm with an
average of 517 ppm, which is much higher than its crustal abundance and the REE concentration
of typical coal materials. Compared to traditional REE-bearing minerals, heavy rare earth is more
abundant than light ones in the AMD samples. The estimated REEs produced from AMD in this
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region are reported to be between 771 and 3400 tonnes per annum (C. R. Vass, 2019). Later, Chris
Vass and his co-workers (C. R. Vass et al., 2019b) extended the effort through a broad survey of
141 AMD treatment sites in the Northern and Central Appalachia. 185 raw AMD and 623 AMDp
field samples were obtained and analyzed. The complete analysis results indicate that an average
of 282 μg/L and 724 g/tonne of REEs occurs in AMD and AMDp, respectively. A total REE
resource of 340 tonnes was estimated at the 141 sites sampled. In addition, Hedin et al. reported
that eastern U.S. coalfields area enriched in REEs by up to three orders of magnitude over
unpolluted groundwater. More than 90% of dissolved REEs in AMD can then be precipitated into
AMDp (Hedin et al., 2019).

2.2.3 Cobalt in AMD

The sedimentation of cobalt is related to clay materials, iron, or manganese oxides. The cobalt
content in typical shales, black shales, and carbonaceous shales is around 8 ppm, 5 to 50 ppm, and
14 ppm, respectively. The higher cobalt content of up to 300 ppm was found in iron-rich sediments
(Vhay, 1979). Sulfide ore deposits, such as magmatic Ni-Cu sulfide deposit, is a typical deposit
type of cobalt. The waste generated during mining activities usually has a high content of sulfide
minerals, which is a vital factor for AMD formation. One of the examples is the blackbird Co-Cu
deposits. Blackbird Mine was one of the largest potential sources of cobalt in the United States
(USGS, 1964). The primary cobalt mineral in Blackbird Mine is a cobalt-arsenic sulfide called
cobaltite, which contains chalco- pyrite (CuFeS2) and pyrite (FeS2). Meanwhile, the lack of
alkaline minerals consuming acid leads to its high acid-generating capacity (Evans et al., 1991;
Mok & Wai, 1989). Rozelle et al. investigated the contents of cobalt in AMD sludges around
Pennsylvania because of the history of cobalt concentrate production in the last century. The study
indicates a great potential of recovering cobalt in AMD sludges in Pennsylvania, where cobalt is
mainly the byproduct of nickel, iron (pyrite), and coal production. As mentioned before, sulfide
ore is essential in AMD formation, while it is also the main deposit type of cobalt. As a natural
result of acidic leaching, AMD dissolves many species in rock, including critical mineral elements.
As shown in Figure 10, a high concentration of cobalt and manganese is found in the anthracite
field near the Northern Appalachian region. Rozelle et al. recently mentioned that the AMD
sludges identified in the bituminous coalfield in Pennsylvania contain cobalt in a concentration
range of 1,200 to 1,800 ppm (Rozelle, n.d.).
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Figure 10 Correlation of cobalt and manganese contents in the Northern Appalachian AMD
sludges (Rozelle, n.d.).

2.3 Traditional Recovery of REEs and Cobalt

Traditionally, the main REE-bearing minerals used for commercial processing are bastnaesite,
monazite, and ion adsorbed clays. Rare earth mineral processing involves beneficiation, leaching,
solvent extraction, and precipitation (Figure 11). Generally, REE ores are first beneficiated by
crushing, grinding, flotation, gravity, or magnetic processes to produce REE pre-concentrates. In
some situations, alkaline cracking or acid baking is needed to modify REE minerals’ structures
(Sadri et al., 2017). Then, leaching and filtration are applied to the REE concentrates on dissolving
rare earth minerals into an aqueous solution. Afterward, REEs are further separated and
concentrated by extraction processes. At last, precipitation could be applied for REEs production
(Gupta & Krishnamurthy, 1992; Jha et al., 2016).
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Figure 11 Common rare earth metallurgical processing route (Ismail et al., 2019).
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Mostly, global production of cobalt is produced as a by-product of other minerals, like nickel
sulfide ores, laterite ores, and the ores of the Central Africa Copperbelt in the Democratic Republic
of Congo and Zambia. Nickel sulfide ores are processed by flotation and sulfide smelting. The
processing of laterite ores and ores mined from the Democratic Republic of Congo and Zambia
involves acid leaching, normally using sulfuric acid, cobalt solvent extraction, and electrowinning
or hydrogen reduction. Besides, cobalt is also recycled from wasted materials. (Crundwell et al.,
2011a)

2.3.1 Solvent Extraction

(1) Solvent Extraction of REEs
Solvent extraction is a liquid-liquid-based separation process by utilizing different organic
extractants. After leaching, REEs are dissolved in sulfate, nitrate, or chloride-based aqueous
solutions along with impurities like calcium, aluminum, and iron. Extractants in the organic phase
tend to extract REEs from the aqueous phase to the organic phase selectively. Cation exchangers
(acidic extractants), solvation extractants (neutral extractants), and anion exchangers (basic
extractants) are the three main types of extractants (Xie et al., 2014). Table 4 shows common
organic solvents used for the extraction of rare-earth metals, including D2EHPA, Cyanex 272, PC
88A, Versatic 10, TBP, and Aliquat 336. The organic phase of solvent extraction is a mixture of
extractants and the diluent (i.e., kerosene, n-hexane, n-octane, benzene, cyclohexanone, and
toluene). Because the viscosity of many extractants is high, which is not favorable to the extraction
process, a modifier (third component) is added to the organic phase to prevent the third phase
formation in some cases.
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Table 4 Different organic solvents used for the extraction of rare earth metals (Jha et al., 2016).

Di(2-ethylhexyl)phosphoric acid (D2EHPA) is the most widely used extractant for REE SX,
because of its advantages in chemical stability, the kinetics of extraction, loading and stripping
characteristics, low solubility in the aqueous phase, versatility, and commercially available large
quantities (Anticó et al., 1996; G.M. Ritcey, 1984). D2EHPA is a kind of cation exchangers. The
extraction mechanism can be expressed as follows: (Peppard et al., 1958)
Ln3+ + 3H2 A2 = Ln(HA2 )3 + 3H +

(8)

Ln denotes rare earth elements, A represents the organic anion, and overscoring denotes species
present in the organic phase. H2A2 refers to the dimeric form of the organic acid, like D2EHPA,
which is usually aggregated as dimmers or larger oligomers in non-polar organic solutions. When
increasing the pH value of the aqueous phase, the extraction of rare earths with cation exchangers
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is promoted. And stripping is a reverse reaction by using the acidity of the aqueous stripping
solution.
(2) Solvent Extraction of Cobalt
Different types of extractants can be applied for cobalt solvent extraction based on the type of
leaching solution containing cobalt. Cyanex 272 or Bis(2,4,4-trimethylpentyl) phosphinic acid, is
the common extractant used in solvent extraction to separate cobalt from nickel in sulfate solutions.
Considering the high viscosity of Cyanex 272, it is often diluted in an aliphatic organic phase, like
kerosene. If zinc or copper is present in the aqueous solution, they can be co-extracted along with
cobalt. The mechanism of extraction of cobalt by Cyanex 272 can be described below:
50°C

2H2 A2 (l) + CoSO4 (aq) → CoA2 · H2 A2 (l) + H2 SO4 (aq)

(9)

Where H2A2 denotes the organic extractant like Cyanex 272. A represents the 2,4,4trimethylpentyl phosphinic conjugate base (Crundwell et al., 2011b, 2011d, 2011c).

2.3.2 Scrubbing, Stripping, and Precipitation

Solvent extraction is usually followed by scrubbing and stripping in order. Scrubbing and stripping
processes are similar, which are the reverse of solvent extraction. Water or mildly acidic solutions
are used to scrub unwanted metals from the loaded organic phase that are co-extracted with the
metals of interest to increase the purity of desired metals in the organic phase. Stripping is a process
to transfer metal ions from the loaded organic phase to the aqueous phase for the following
precipitation using strong acidic solutions at high O: A ratios. The mechanism of stripping of
cobalt-loaded organic phase can be described as below: (Crundwell et al., 2011b, 2011d, 2011c)
50°C

CoA2 · H2 A2 (l) + H2 SO4 (aq) → 2H2 A2 (l) + CoSO4 (aq)

2.4 Summary

(10)

As it is not easy to seek and develop REE ore deposits meet the limits of commercially cut-off
grade, and conventional hydrometallurgical methods developed for REEs recovery could cause
negative consequence to the environment, alternative concentrated resources of REEs needs for
sustainable supply. Efforts have been put to investigate the feasibility of recovering REEs from
coal and coal by-products, especially solid-phase feedstocks, including coal tailings and coal fly
ash. Meanwhile, the concentration of REEs in another potential resource, AMD and AMDp in
mine sites, especially around the Appalachian area, has been investigated. The results indicate that
AMD and AMDp could be potential resources to produce CMEs, especially REEs. Additionally,
AMD continually generated in large quantities in coal mines is hazardous to the environment and
needs to be treated before discharge anyway. More and more interest has been put in using AMD
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to produce critical mineral products by investigating and establishing processing procedures while
lowering costs and reducing the environmental impact of mining and processing.

Chapter 3. Characterization and Mitigation of Crud Formed
During Rare Earth Solvent Extraction
3.1 Introduction

The preliminary assessment of rare earth solvent extraction using three different PLS (i.e., DLM,
Omega, and Royal Scot) indicates the formation of crud in all three feedstock samples(C. R. Vass,
2019). The generation of crud follows the descending order of DLM PLS> Omega PLS > Royal
Scot PLS. The formation of crud is very deleterious since it can decrease the solvent extraction
efficiency and cause the loss of organic extractants. In this chapter, a treatment process was
established to mitigate crud formation during REE SX. For this purpose, a testing scheme was
specially designed to investigate the effects of the presence of iron on the crud formation during
the SX process. The aqueous and crud samples were collected and characterized to study the
distribution of various metal elements in different phases following mass balance calculations.
Afterward, an experimental protocol was developed and implemented to mitigate crud formation
with respect to different feedstocks successfully.

3.2 Methodology
3.2.1 Materials

(1) Pregnant Leach Solution (PLS)
The feedstock materials used throughout this study were produced by our project partner at West
Virginia University Water Research Institute (WVWRI). Three AMDp samples finally chosen as
the feedstock of the bench-scale operation are DLM, Omega, and Royal Scot. These AMDp
feedstocks were procured from their respective AMD treatment site and had different unique
concentrations of REEs and major metal elements. The effect of leaching time, leaching pH, and
acid type were preliminarily studied on the results of acid leaching tests in lab-scale to determine
leaching kinetics, optimal leaching pH, and leaching temperature to investigate suitable conditions
to recover major REEs while less major metal ions by leaching. Both nitric acid and sulfuric acid
were studied. Higher REEs recoveries were obtained at lower leach pH values. Figure 12 shows
the modified flow diagram of the bench-scale acid leaching process and equipment. First, 68 vol.%
nitric acids were used stepwise to adjust the pH of the leaching mixture (AMDp and water) to a
value of 0.7 when the equilibrium was achieved at the leaching tank. Then, after filtration using
the 410 mm filter press, 50 wt.% sodium hydroxide was applied to adjust the pH of the filtrate
upward to a value of 3.0, to remove gangue metals. This process was also performed stepwise over
several hours until equilibrium. After the second filtration, the remaining filtrate was the PLS ready
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for downstream processing. Using Royal Scot AMDp as an example, approximately 51% of the
REEs were recovered into the PLS solution, while only 27% of the other major ions were recovered,
indicating a significant rejection of gangue material. More noteworthy, the pH adjustment
procedure resulted in the rejection of almost all of the Fe (>99.9%) from the PLS. Other gangue
materials were also rejected from the PLS including, Al (40%), Ca (65%), Mg (50%), Mn (49%),
and Si (3%). Table 5 shows the elemental compositions of these three PLS samples (Vass et al.,
2019).

(2) Organic Extractant
D2EHPA is a widely used extractant in commercial operation due to its chemical stability, good
performance of extraction, loading, and stripping, and low solubility in the aqueous phase. It is a
suitable extractant that works for PLS at low pH and contains a significant amount of major metal
impurities such as Al, Ca, Mg, Fe, and Mn (Liu, 2019). D2EHPA (< =100%) purchased from
Sigma-Aldrich was used in this study. Usually, D2EHPA with high viscosity should be diluted in
kerosene for the solvent extraction of REEs (Zhang et al., 2016). Elixore 205 (Hydrocarbons, C11C14, n-alkanes, isoalkanes, cyclics, <2% aromatics) from TOTAL Specialties USA, Inc. was
selected as the diluent.

68% HNO3

AMDp

Water

Mixing / filtration

NaOH

Filtrate
Mixing / filtration

PLS

Figure 12 Process flow diagram showing the generation of various PLS solutions at WVUWRI
(C. R. Vass, 2019).
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Table 5 Comparison of PLS elemental compositions generated from the three AMDp feedstocks
(Vass et al., 2019).
Sample date
Feedstock
End pH
Major Ions
Al
Ca
Co
Fe
Mg
Mn
Na
Si
SO4
Cl
TMM
Rare earth elements
Sc
Y
La
Ce
Pr
Nd
Sm
Eu
Gd
Tb
Dy
Ho
Er
Tm
Yb
Lu
Th
U
TREE
HREE
LREE
CREE

1/23/2019
DLM
3.05
(mg/L)
(mg/L)
(mg/L)
(mg/L)
(mg/L)
(mg/L)
(mg/L)
(mg/L)
(mg/L)
(mg/L)
(mg/L)
(µg/L)
(µg/L)
(µg/L)
(µg/L)
(µg/L)
(µg/L)
(µg/L)
(µg/L)
(µg/L)
(µg/L)
(µg/L)
(µg/L)
(µg/L)
(µg/L)
(µg/L)
(µg/L)
(µg/L)
(µg/L)
(µg/L)
(µg/L)
(µg/L)
(µg/L)

2/5/2019 2/27/2019
Omega Royal Scot
2.94
3.01

9,480.84 3,133.43
1,401.59 1,372.56
102.98
18.60
1,936.00
71.43
6,845.59
455.24
3,595.23
105.58
47.55 12,699.48
1,274.31
59.31
497.79
25.39
17.92
5.65
25,199.80 17,946.67
2,118.11
83,061.09
23,908.46
64,313.63
8,198.92
34,781.11
8,890.67
2,325.90
13,509.25
2,239.51
13,712.70
2,713.13
7,453.57
965.45
5,506.71
793.23
163.78
815.79
274,491.42
132,072.74
142,418.68
136,120.30
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962.45
7,151.53
1,477.79
4,906.65
782.96
3,688.07
1,133.53
302.10
1,820.15
339.07
2,016.94
381.42
1,063.41
144.99
824.88
125.05
11.28
257.11
27,120.98
14,829.88
12,291.10
13,497.71

2,982.86
761.02
22.43
3.18
2,426.65
777.82
11,493.42
53.64
881.37
4.67
19,407.05
<0.037
12,504.72
2,646.17
7,519.84
1,248.48
6,330.98
2,087.38
529.65
3,011.83
450.90
2,493.89
444.83
1,162.19
136.08
801.98
104.29
<0.007
198.47
41,473.23
21,110.72
20,362.51
22,310.15

3.2.2 Experimental Procedures

The generation of crud in a bench-scale REE SX system at WVUWRI, follows the descending
order of DLM PLS> Omega PLS > Royal Scot PLS. The Royal Scot PLS did not produce a
detrimental quantity of crud. Results from testing at WVUWRI suggested that the gangue metals
Al, Fe, and Si are factors in the formation of the third phase. The crud characterization testing and
comparison of PLS feedstocks indicated that that the presence of Fe in three PLS feedstocks could
take primary responsibility (Chiarizia & Briand, 2007). Another evidence is that, as shown in Table
5, the Fe content in the Royal Scot PLS was considerably lower than in the other two feedstocks.
Therefore, a testing scheme was specially designed to investigate the effects of the presence of
iron on the crud formation during the SX process. Afterward, an experimental protocol was
developed and implemented to mitigate crud formation with respect to different feedstocks
successfully.
3.2.2.1 Synthetic Crud Experiments
Royal Scot PLS was chosen as the PLS feedstock for generating the synthetic crud following the
crud characterization tests since it generated the least amount of crud during the REE SX and
contained a minimum amount of Fe among three PLS feedstocks. The experimental was designed
in a manner that Fe was added to the Royal Scot PLS to achieve various target concentrations and
see their corresponding impact on the crud formation. Iron in the form of iron (III) hydroxide was
manually added to Royal Scot PLS in three different concentrations, separately (i.e., 2000, 3000,
and 4000 mg/L of Fe) prior to the REE SX. Iron(III) hydroxide with 99% grade was purchased
from Alfa Aesar. Afterward, the mixture was homogeneously mixed using an overhead stirrer for
10 minutes. The pH of the solutions was measured before and after to see if the addition of iron
hydroxides influenced the acidity. Royal Scot PLS and synthetic PLS samples were analyzed using
the Inductively Coupled Plasm-Mass Spectroscopy (ICP-MS) and Inductively Coupled PlasmaOptical Emission Spectrometry (ICP-OES) methods to determine the REEs concentrations and
major ion concentrations, respectively.
0.5 M/L D2EHPA dissolved in Elixore 205 (kerosene) was prepared and added to each of the three
synthetic aqueous PLS with different concentrations of iron, at an organic to aqueous ratio (O: A)
of 1, followed by being mixed at 800 RPM using an overhead stirrer for 10 minutes. After the
treatment, the solution was centrifuged, filtered, and then separated into an aqueous and organic
phase. All aqueous phases were sampled and analyzed using ICP to determine the REEs
concentrations and major ion concentrations. The crud solids obtained from the filtration, if there
is any formed during the process, were kept in an oven for 24 hours to dry and then weighed. The
crud solids formed after manually adding Fe to the Royal Scot PLS are termed ‘synthetic crud’.
The dried synthetic crud solids were first subjected to the X-ray Diffraction (XRD) analysis to
identify the mineralogical phases. The Scanning Electron Microscopy-Energy Dispersive
Spectroscopy (SEM-EDS) analysis was performed as well to quantitatively determine the
elemental composition of the samples. In addition, the X-ray fluorescence spectroscopy (XRF)
elemental analysis was also conducted to provide in-depth information.
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3.2.2.3 Crud Mitigation
Based on the findings of previous synthetic crud experiments, a crud mitigation method was
designed to remove iron in PLS via an oxidization-precipitation process selectively. As a result,
the negative impact of iron on crud formation can be eliminated. As known, one of the efficient
ways for removing iron species from an aqueous phase is the oxidation-precipitation process, in
which soluble iron (ferrous, Fe2+) is oxidized into its insoluble form (ferric, Fe3+) using a strong
oxidizer such as hydrogen peroxide followed by being removed via precipitation and filtration,
as shown below:

H2O2(aq) + 2Fe2+(aq) + 2H+(aq) --- 2Fe3+(aq) + 2 H2O (l)

(11)

(1) Iron Removal for Three PLS Feedstocks (Figure 13)
The pH values of three PLS feedstocks were approximately 3 (Table 5). The pH value of the
aqueous solution plays a critical role in the iron oxidization process (Morgan & Lahav, 2007).
Therefore, different pH set points (pH=1, 2, and 3) were targeted for each of the three PLS
feedstocks by using sulfuric acid and sodium hydroxide to adjust the solution chemistry, which
aimed to identify the optimum operational conditions for the removal of iron. After the solution
pH reached the desired value and was stable, 3 wt.% hydrogen peroxide solution purchased from
Hydrox Laboratories with a density of around 1g/ml, was added into PLS using a microliter syringe
at a specific concentration. The resultant mixture was homogeneously mixed using an overhead
stirrer for 10 minutes and then given two days to achieve complete oxidization, followed by
removing the precipitates using a laboratory vacuum filtration. Afterward, the filtrate obtained
from the filtration process was subjected to the SX process, where an organic phase comprising
0.5 M/L D2EHPA dissolved in Elixore 205 was added to each of the aqueous filtrates with an O:
A of 1 followed by being mixed at 800 RPM for another 10 minutes. The same experimental
procedure was followed for all three PLS feedstocks except the concentration of hydrogen
peroxide added during the oxidization process. The hydrogen peroxide was added at a
concentration of 1 ppm hydrogen peroxide/ppm iron for the Royal Scot PLS, while the
corresponding concentration for Omega and DLM PLS was 0.6 and 0.7 ppm hydrogen
peroxide/ppm iron, respectively.
According to Eq (11), two moles of ferrous iron can be oxidized by one mole of hydrogen peroxide.
Therefore, in theory, the mass ratio (H2O2 / Fe2+) is 0.31. For DLM PLS, excess hydrogen peroxide,
with a mass ratio of 0.7, was added to oxidize and remove iron, considering that there are other
species in the PLS that can react with H2O2. In the following modified procedure for DLM PLS,
the mass ratio was increased to 3.
(2) Modified Experimental Procedure for DLM Sludge Sample
After completing the selective iron removal tests for three PLS feedstocks, the research effort
primarily focused on the DLM PLS since it generated the most significant amount of crud during
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REEs SX, which can be attributed to the highest iron concentration existing in its leachate.
Therefore, the test procedure was modified, in accordance with which the leach solution was
prepared at the West Virginia University (WVU) Mineral Processing Lab using concentrated nitric
acid solution. To achieve this purpose, 1kg DLM sludge was first mixed with 1L tab water using
a laboratory overhead stirrer. The concentrated nitric acid was added in a step-wise manner to
adjust the pH of the mixture to a value of 0.7 over a 2-day period to reach a system equilibrium.
After filtration, 3% hydrogen peroxide solution was injected into the filtrate at a concentration of
3ppm per ppm of iron. After giving a sufficient amount of settling and precipitating time (i.e., 2
days), filtration was performed again to separate the filtrate and precipitates. The filtrate was then
subjected to pH adjustment to achieve different pH values (i.e., pH=2.5, 3, and 3.5) using sodium
hydroxide solution followed by filtration. Then, the filtrate was ready for REEs SX. The REEs SX
tests were conducted according to the same procedure mentioned in the above experimental section.
The detailed experimental flowsheet that was followed during the tests was given in Figure 14.
The Eh values of aqueous solutions were measured using a bench meter with an ORP probe from
Mettler Toledo.

PLS
Nitric acid solution

Solution pH = 1;2;3
Hydrogen peroxide

Precipitates

Filtration

Filtrate
Solvent extraction

Crud

Aqueous phase

Organic phase

Figure 13 Experimental flowsheet followed during the experimental testing for all three PLS.
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AMDp
+
Water

Leaching processing

pH = 0.7
(Nitric acid)

PLS
Hydrogen peroxide

Precipitates

Filtration

Filtrate
Sodium hydroxide solution

Precipitates

Filtration

Filtrate pH = 2.5; 3; 3.5
Solvent extraction

Crud

Aqueous phase

Organic phase

Figure 14 Experimental flowsheet followed during the modified experimental testing for
DLM PLS.

3.3 Results and Discussion
3.3.1 Effect of Iron Present in the Three PLS on Crud Formation

It was observed that there was only a minor change in the pH of Royal Scot PLS from an initial
value of 2.94 to a value of 2.8 after the addition of iron (III) hydroxide. The track of pH as a
function of time showed that it remained constant for both experiments after a certain time. After
mixing with the organic phase, a sudden drop in the pH down to a value between 0.8 and 1 was
observed for all the aqueous solutions. As evident from Figure 15, more crud formed during REEs
SX with higher concentrations of iron in the synthetic PLS. Meanwhile, the results indicate a loss
of organic phase from 7.5 to 10 vol.% for different iron concentrations in the system, as shown in
Figure 16. The loss of the organic phase increased with an increase in the iron concentration, which
confirms that the presence of iron in the PLS causes crud formation and organic loss during REEs
SX.
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Iron Concentration in the Synthetic PLS (mg/L)

Figure 15 Formation of crud with the addition of iron at different concentrations, A: 2000, B:
3000 and C: 4000 mg/L.

4000

3500

3000

2500

2000
7.5

8.0

8.5

9.0

9.5

10.0

Organic Loss (vol.%)

Figure 16 Loss of the organic phase (by volume) during REEs SX as a function of iron
concentration in the Royal Scot PLS.
As shown in Figures 18 and 19, the mineralogical and elemental analysis of the synthetic crud
shows that the presence of iron (as hydroxides) dominates the effect on the initiation of crud
formation. The crud formation mechanism could be the particle-particle interaction, leading to the
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formation of a stable emulsion in which the solvent plays a role comparable to a flocculent by
building polymer bridges between the suspended colloidal particles (Figure 17). This is consistent
with the experimental findings that a considerable loss of solvent was observed due to crud
formation. It confirms that iron plays a role in the crud formation during REEs SX.

Figure 17 SEM pictures of the synthetic crud sample.
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Iron (III) oxide-hydroxide

Figure 18 XRD pattern of the synthetic crud sample resulting from the addition of iron.

Element
O
Fe

Weight %
33.1
66.9

Atomic %
63.33
36.67

Net Int.
4.21
1.87

Figure 19 EDS results of the synthetic crud sample.
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Mass balance calculation results performed on the synthetic crud resulting from the addition of
three iron concentrations are show in Figure 20 to 22, separately. On average, 65 wt.%, 29 wt.%,
and 6 wt.% of the major metals were extracted to the aqueous, organic, and solid phases,
respectively. Almost all iron in the synthetic PLS were extracted to the organic phase and crud for
all three tests. As the iron content of the synthetic PLS increase, more mass percent of iron was
found in the organic phase. Around 25 wt.% of iron in the synthetic PLS were extracted to crud
on average. These indicated that the substantial as Fe can interfere with the REEs SX process. In
addition, the distribution of trace elements in these three tests are similar. Around 6 wt.%, 93 wt.%,
and 1 wt.% of the trace elements, including rare earths, uranium, and thorium were reported to the
aqueous, organic, and solid phases, respectively.
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Figure 20 Distribution of elements into various phases for Test 1 with 2000 mg/L Fe being added
to the Royal Scot PLS.
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Figure 21 Distribution of elements into various phases for Test 2 with 3000 mg/L Fe being added
to the Royal Scot PLS.
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Figure 22 Distribution of elements into various phases for Test 3 with 4000 mg/L Fe being added
to the Royal Scot PLS.
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3.3.3 Crud Mitigation

(1) Iron Removal for Three PLS Feedstocks
Figure 23 shows the effect of iron removal on crud mitigation for the Royal Scot PLS at a pH value
of 3. The selective removal of iron species in Royal Scot PLS significantly mitigated the formation
of crud during REEs SX. No crud was formed with iron removal when the PLS solution pH was
maintained at a value of 1 and 2 (Figure 24), which suggests that the pH of the PLS plays a critical
role in the formation of crud during the REEs SX process.

Figure 23 Effect of the iron removal on crud formation for the Royal Scot PLS at a pH value of
3: A. Before the removal of iron species, B. After the removal of iron species.

Figure 24 Effect of the iron removal on crud formation during REEs SX for Royal Scot PLS
samples: A. pH of 1; B. pH of 2; and C. pH of 3.
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Similar results were observed for the tests performed with Omega PLS, as shown in Figure 25,
which further corroborated the effect of iron removal on mitigating crud formation. no crud was
observed for the Omega PLS at pH 1, whereas a minimum amount of crud was generated for the
Omega PLS at pH 2. The formation of crud was more noteworthy when the Omega PLS was at
pH 3, and a colloidal layer was seen at the organic-aqueous interface, which confirms the formation
of crud and the effect of pH on the process. The pH variation was also monitored during the test
to see whether there was a drastic change during the oxidization process, and the results are
presented in Figure 26. It is shown that after adding the hydrogen peroxide, the pH value of all
three Omega PLS (i.e., pH=1, 2, and 3) slightly dropped to a value of 0.91, 1.75, and 2.83,
respectively, which did not induce a significant change in the solution pH.

Figure 25 Effect of the iron removal from the Omega PLS on crud formation during the REEs
SX at three different pH values.

3.0

Before addition of oxidizer
After addition of oxidizer

2.83

2.5
2.0

pH

1.75

1.5
1.0

0.91

0.5
0.0

Test 1 (initial pH=1)

Test 2 (initial pH=2)

Test 3 (initial pH=3)

Figure 26 The variation of the pH value after the addition of hydrogen peroxide for various
Omega PLS.
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As for the DLM PLS, the crud was generated for all three pH values with different quantities. As
seen in Figure 27, with an increase in the solution pH value, more crud was formed during the
REEs SX process, with the most crud being seen in the DLM PLS at pH value of 3. Comparing
the crud formation at the pH 3 for each of all three PLS samples (i.e., DLM, Omega, and Royal
Scot), the most significant amount of crud was formed for the DLM PLS which can be attributed
to the highest iron concentration existing. The pH variation data are shown in Figure 28 as well to
indicate the change in the solution pH during the oxidization process, which indicates the solution
pH was increased slightly for all three DLM PLS.

Figure 27 Effect of the iron removal from the DLM PLS on crud formation during the
REEs SX at three different pH values.
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3.11

Before addition of oxidizer
After addition of oxidizer
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2.27
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2.0
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0.5
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Test 1 (initial pH=1)

Test 2 (initial pH=2)

Test 3 (initial pH=3)

Figure 28 The variation of the pH value after the addition of hydrogen peroxide for various DLM
PLS.
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(2) Modified Experimental Procedure for DLM Sludge Sample
In accordance with the modified experimental procedure (Figure 14), the leaching test was
performed on the DLM AMDp to generate the PLS at the WVU Mineral Processing lab, which
was subsequently subjected to the oxidization, pH adjustment, and the REEs SX process. The test
results shown in Figure 29 indicate that no crud was visually observed at a pH value of 2.5 while
the crud was generated with an increase in the pH to a value of 3 or higher. It also suggests that
the crud formation was more significant with an increase in the solution pH value.
pH =2.5

pH =3

pH =3.5

Figure 29 Effect of the iron removal from the DLM PLS prepared in the lab on crud formation
during the REEs SX at three different pH values.
After the leaching process, the Eh value (read from a bench meter) of the leachate was 808.5 mv.
After adding hydrogen peroxide and filtration, the Eh value of the solution was around 745 mv,
with a pH value of 1.16. Then, after adding sodium hydroperoxide to increase the pH value of the
solution to three different set points (i.e., 2.5, 3, 3.5), the Eh value of these three solutions was
around 637.3, 586.4, and 567.8 separately. These Eh values indicated that most of the iron species
were removed out from solutions, while there were still iron species that remained in these three
solutions.
The mass balance data were calculated based on the test conducted with a DLM PLS pH value of
2.5 where no crud was visually seen, or a minimum amount was formed, to study how various
elements were distributed among different phases. The modified experimental procedure consisted
of three stages, with both solid and liquid samples being generated during each stage. Therefore,
the mass balance was constructed for each of the three stages: stage 1: oxidization and precipitation;
stage 2: pH adjustment and filtration; stage 3: SX process. Approximately 34.2 wt.% of iron
initially existing in the PLS were oxidized and precipitated out the solution as solids followed by
17.6 wt.% of silicon and 2.7 wt.% of magnesium being reported to the precipitates. On the other
hand, only 2.5 wt.% of rare earth elements were lost into the precipitates, which is minimum. A
small amount of manganese, magnesium, and calcium (all less than 5.3 wt.%) precipitated out as
solids during the pH adjustment while approximately 12.8 wt.% of the rare earth elements coprecipitated as solids, with the majority of the loss being seen for light rare earths such as Ce, La,
Pr, Nd, and Sm. The mass distribution data for both major elements and rare earths at stage 3
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indicate that a number of metal elements such as aluminum, calcium, magnesium, and manganese
were reported to the crud solids formed during the SX process, while the majority of the iron was
successfully removed prior to the process, which contributed to the mitigated crud formation
during the SX process. A total of 11.4 wt.% of rare earths were lost as a result of the crud formation
that further indicates the significance and necessity of crud mitigation during the SX process.
Above all, Figure 30 shows wt.% loss of major metal elements and total REEs referring to DLM
PLS into the precipitated solids and crud at each stage.
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Stage 1 Precipitates
Stage 2 Precipitates
Stage 3 Crud
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Elements
Figure 30 Wt.% loss of major metal elements and TREEs referring to DLM PLS into the
precipitated solids and crud at each stage.
Besides, the sample characterization tests, including the XRD and XRF analyses, were performed
on the precipitates collected in stage 2 to study its mineralogical and elemental compositions. As
shown in Figure 31, Nitro-magnesite (H, Mg, N, O) was the only mineral being identified from
the XRD distribution pattern of the solids precipitated during pH adjustment. The XRF analysis
results shown in Table 6 provide the detailed elemental compositions of the precipitates, which
indicates that silicon accounted for 7 wt.% of the solids followed by 3.9 wt.% of magnesium, 3.8
wt.% of iron, and 3.6 wt.% of aluminum. The existence of rare earth elements such as Nd, Y, Ce,
and Pr was also detected, which corroborated the mass balance data provided that approximately
12.8 wt.% of rare earth elements co-precipitated with major metals during pH adjustment.
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Figure 31 XRD pattern of the precipitates collected in stage 2 following the modified
experimental procedure.
Table 6 XRF analysis results of the precipitates collected at stage 2 following the modified
experimental procedure.

1

Elements

Concentration

"+/- 3σ"

LE 1

80.41%

0.3

Si

6.97%

0.075

Mg

3.94%

0.33

Fe

3.77%

0.034

Al

3.55%

0.084

S

3914 ppm

72

Mn

3839 ppm

65

Ca

2803 ppm

42

Zn

1453 ppm

22

Ni

607 ppm

17

Co

256 ppm

42

Nd

165 ppm

88

P

136 ppm

37

Y

135 ppm

3

LE denotes light elements that cannot be detected by the handheld XRF analyzer such as carbon, oxygen, etc.

40

Ce

72 ppm

43

Pr

66 ppm

63

La

45 ppm

38

Sn

45 ppm

9

W

29 ppm

12

Zr

7 ppm

2

Cu

7 ppm

5

Sr

5 ppm

1

Mo

3 ppm

2

Rb

1 ppm

0.8

se

1 ppm

0.9

3.4 Conclusions

The generation of crud follows the descending order of DLM PLS> Omega PLS > Royal Scot PLS,
corresponding to the iron content in the three PLS feedstocks. The results of synthetic crud
experiments indicate that more crud is formed, and more the organic phase is lost during REEs SX
with higher concentrations of iron in the synthetic PLS. The mineralogical and elemental analysis
of the synthetic crud shows that the presence of iron (as hydroxides) dominates the effect on the
initiation of crud formation. Mass balance calculation results performed on the synthetic crud
resulting from the addition of three iron concentrations show that around 25 wt.% of iron in the
synthetic PLS were extracted to the synthetic crud on average. Afterward, the selective removal of
iron species in PLS significantly mitigated the formation of crud during REEs SX. The mass
balance calculation based on the test conducted with a DLM PLS (prepared in the lab) pH value
of 2.5 shows that around 34 wt.% and 65 wt.% (referring to DLM PLS prepared in the lab) of iron
were precipitated out of solution after oxidization process (stage 1) and pH adjustment process
(stage 2). There is almost no iron in the solution before the REEs SX process. As a result,
minimum crud was formed. All this evidence indicates that the substantial as Fe can interfere with
the REEs SX process. Moreover, results of crud mitigation tests suggest that the pH of the PLS
plays a critical role in the formation of crud during the REEs SX process. When the pH range of
PLS is around 1 to 3.5, less crud formed as the pH value of PLS lower.
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Chapter 4. Development and Optimization of A Cobalt Extraction
Process Using the REE SX Raffinate
4.1 Introduction

Our previous assessment of REE extraction from AMDp suggests that cobalt usually is enriched
along with REEs. However, during the REE SX process, cobalt stays in the remaining raffinate
instead of co-extracted with REEs(C. R. Vass, 2019). Therefore, the objective of this chapter was
to investigate and identify an optimum recovery process for extracting cobalt from the REE SX
raffinate. The study is highly significant considering the crucial market value and strategic
importance of cobalt as a critical mineral. Therefore, a cobalt extraction process was developed
and optimized to achieve this objective, and various unit processes were investigated, including
selective precipitation, solvent extraction, scrubbing, and stripping.

4.2 Methodology
4.2.1 Materials

(1) Omega PLS Feed
Omega PLS was used as a feedstock in this study. It had been prepared by leaching Omega AMDp
following the procedures described in chapter 3. The pH value of mega PLS was around 3. Omega
PLS contained critical minerals such as REEs and cobalt. As seen in Figure 32, the concentrations
of aluminum, calcium, and magnesium were noticeably higher (i.e., 491 to 2524 ppm) than other
major metal elements. Zinc, manganese, and nickel also existed in the Omega PLS but with a lower
concentration (i.e., 38-113 ppm). On the other hand, the concentration of iron was as low as 8.4
ppm, which is beneficial to the subsequent REEs SX processes, according to the findings presented
in Chapter 3. The concentration of cobalt was approximately 17 ppm, while the content of total
REEs was around 26.86 ppm. The concentration of individual REEs is shown in Figure 33.
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Figure 32 Concentration of major metal elements in Omega PLS (mg/L); error bars represent one
standard deviation based on 11 replicate analyses.
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Figure 33 Concentration of individual rare earth elements in Omega PLS (µg/L); error bars
represent one standard deviation based on 11 replicate analyses..
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(2) Extractants
D2EHPA (< =100%) purchased from Sigma-Aldrich was used as the extractant for REEs SX.
Cyanex 272 with a purity greater than 85%, provided by SOLVAY, was used as the extractant for
cobalt SX due to its superior performance in cobalt extraction from spent lithium-ion batteries and
laterite ores (add references here). The active component of Cyanex 272 extractant is bis(2,4,4trimethylpentyl)phosphinic acid, and its chemical structure is shown in Figure 34. Elixore 205
(kerosene) was used a diluent for both REEs and cobalt solvent extraction.

Figure 34 Chemical structure of the active component of Cyanex 272, bis(2,4,4trimethylpentyl)phosphinic acid.

(3) Acidic Solution for Scrubbing and Stripping
According to published studies in a similar field (Cole, 2002; Ichlas & Ibana, 2017; Park &
Mohapatra, 2006; Reddy & Park, 2007; Tsakiridis & Agatzini, 2004; Wang et al., 2016; Zhu et al.,
2011), acidic water (deionized water + sulfuric acid) was chosen and used to scrub the impurities
in the organic phase from cobalt and later strip the cobalt back to the aqueous solution. However,
different acidities were targeted for the scrubbing and stripping stages.

4.2.2 Experimental procedures
(1) Overall Flowsheet

An overall process flowsheet was developed to recover both REEs and cobalt, as shown in Figure
35. The flowsheet consists of multiple SX stages, with the primary and secondary SX targeting the
extraction of REEs and cobalt, respectively. As seen, the SX raffinate resulting from REEs
extraction is used as the feed for cobalt extraction. It is because primary SX selectively recovers
REEs while leaving cobalt in the raffinate, which has been confirmed by our preliminary studies
(C. R. Vass, 2019). After secondary SX, the cobalt-enriched organic is sent to scrubbing and
stripping to produce concentrated cobalt aqueous solution for subsequent precipitation.
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Figure 35 Process flowsheet for recovering REEs and cobalt.
45

(2) REE SX
Following the flowsheet provided in Figure 35, Omega PLS (pH=3, Eh=540~570mv) and 0.5M
D2EHPA in Elixore 205 with O: A =1 was first prepared to start the REE SX process. Afterward,
they were homogeneously mixed by a mechanical stirrer at 800 rpm for 10 minutes. Then the wellmixed solution was transferred to a funnel for phase separation with a retention time of 10 minutes.
The details of the REE SX process are shown in Figures 36 to 38, and the operating conditions are
summarized in Table 7.
The representative samples of Omega PLS and REE SX raffinate were sent for ICP analysis to
determine the concentration of each element in the aqueous phase. Then with the corresponding
measured liquid, the mass of each element in these two aqueous phases was calculated. All the
loss of the mass of each element in the aqueous was considered extracted into the loaded organic
phase. As an example, a table of concentrations of elements in these two aqueous phases from one
test is provided in the appendix (see Table A1).

Figure 36 Preparation of Omega PLS (left) and 0.5M DEHPA in Elixore 205 (right).
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Figure 37 Mixing of Omega PLS and organic extractant (DEHPA in kerosene) at 800 rpm for 10
mins.

Figure 38 Phase separation in a funnel (left); aqueous phase and organic phase after separation
(right).
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Table 7 Fixed testing procedures and conditions of REEs SX stage
Feed
Organic phase
O: A
mixing speed
Mixing time
Separation time

Omega PLS (pH=3, Eh=540-570 mv)
0.5M DEHPA in Elixore 205 (kerosene)
1
800 rpm
10 mins
10 mins

(3) pH Adjustment of REE SX Raffinate
2M/L sodium hydroxide solution was added to the REE SX raffinate to achieve an aimed pH value.
After pH adjustment, precipitation occurred in the aqueous raffinate solution. Centrifugation and
filtration were then performed to remove the precipitates to obtain a clear aqueous solution prior
to cobalt extraction.
Representative samples of the filtrate were sent for ICP analysis to determine the concentration of
each element in the solution. Then with the corresponding measured liquid volume, the mass of
each element in REE SX raffinate and the filtrate were calculated. Finally, all the loss of the mass
of each element in the aqueous phase was considered precipitated out. As an example, a table of
concentrations of elements in these two aqueous phases from one test is provided in the appendix
(see Table A1).

(4) Saponification of Organic Extractant
According to our preliminary shakedown tests, saponification of organic extractant is necessary to
enhance the extraction of cobalt during SX. 0.5 M Cyanex 272 was first dissolved in Elixore 205
to form the organic phase. 0.25M/L sodium hydroxide solution was later added to the organic
phase following the stoichiometric ratio to saponify 50% of Cyanex 272 with an O: A =1. The
solution mixture was subsequently mixed with a mechanical stirrer at 800 rpm for 30 mins, then
transferred to a funnel for separation, as shown in Figure 39. Sufficient time was given for
complete separation. After separation, the organic phase was the 50% saponified organic extractant,
which was ready for cobalt extraction.
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Figure 39 Mixing of the organic extractant solution and NaOH solution (left); complete
separation in a funnel (right).
(5) Cobalt SX
Under an O: A ratio of 1.5: 1, the REEs SX raffinate after pH adjustment and 50% saponified 0.5
M Cyanex 272 with Elixore 205 were homogeneously mixed with a mechanical stirrer at 800 rpm
for 15 mins. The well-mixed solution was then transferred to a funnel for phase separation given
sufficient time. The clear organic and aqueous phase separation observed during cobalt extraction
is shown in Figure 40 where the blue color indicates the cobalt loaded in the organic phase (Best
et al., 2016).
Representative samples of the cobalt SX raffinate were sent for ICP analysis to determine the
concentration of each element in the solution. Then with the corresponding measured liquid
volume, the mass of each element in the filtrate after pH adjustment and the cobalt SX raffinate
were calculated. All the loss of the mass of each element in these two aqueous phases was
considered extracted into the organic phase. As an example, a table of concentrations of elements
in these two aqueous phases from one test is provided in the appendix (see Table A1).
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Figure 40 Cobalt SX in a separation funnel; the blue color in the top layer indicates cobalt
loaded/concentrated organic phase.
(6) Scrubbing and Stripping
After identifying the suitable test conditions for cobalt SX, the research project was moving
forward to further optimize downstream concentration processes, i.e., scrubbing and stripping.
According to published studies in a similar field mentioned above, acidic water (deionized water
+ sulfuric acid) with different acidity is usually used to scrub the impurities in the organic phase
from cobalt, and strip cobalt from the organic phase to the aqueous phase. Moreover, the
temperature applied to the scrubbing and stripping tests was 40ºC (Tsakiridis & AgatziniLeonardou, 2005; Tsakiridis & Agatzini, 2004). This higher temperature compared to the room
temperature (around 23ºC) could help to increase the reaction rate. In this research, a water bath
was used to heat and keep the solution temperatures at 40ºC. To investigate the effect of different
operating variables on the scrubbing and stripping performance, different test conditions were
applied and are summarized below in Table 8.
Representative samples of the scrubbing and stripping solutions were sent for ICP analysis to
determine the concentration of each element in these solutions. Then with the corresponding
measured volume of liquid, the mass of each element in the scrubbing solution and stripping
solution was calculated. As an example, a table of concentrations of elements in these two aqueous
phases from one test is provided in the appendix (see Table A1).

50

Table 8 Scrubbing and stripping test conditions studied during performance optimization.
pH value of sulfuric acid solution
O/A ratio
Temperature
Mixing speed
Mixing time
Separation time

5; 4; 3; 2; 1.7; 1.5; 1.3; 1
1; 2
40°C; room temperature (23°C)
800 rpm
5 mins
5 mins

4.3 Results and Discussion
4.3.1 REEs SX

average extraction percentage (%) during REEs SX

After SX for REEs recovery, the color of the aqueous phase and the organic phase was reversed
and the pH value of the aqueous raffinate was reduced to a value between 1 and 1.3. As shown in
Figure 41, no cobalt was extracted with REEs into the organic phase. Also, almost all the
magnesium and nickel stayed in the aqueous raffinate. However, as high as 96 wt. % of iron was
extracted. Meanwhile, 71 wt.% of zinc, 27 wt.% of calcium, 6 wt.% of manganese, and 5 wt.% of
aluminum were also co-extracted to the organic phase.
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Figure 41 Mass extraction (wt.%) of major metal elements during REE SX; error bars
represent the standard deviation of 13 replicate tests.
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average extraction percentage (%) during REEs SX

It can be seen from Figure 42, almost all REEs were extracted to the organic phase, except
lanthanum (La), cerium (Ce), praseodymium (Pr), and neodymium (Nd). However, the mass
extraction of Ce, Pr, and Nd were all above 97 wt.%, and the mass extraction of La was above 91
wt.%, which was considerably high.
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Figure 42 Mass extraction (wt.%) of REEs during REE SX, error bars represent the standard
deviation of 13 replicate tests.

4.3.2 Cobalt SX
4.3.2.1 Effect of aqueous phase pH value
As mentioned above, the feed used for cobalt SX was the REEs SX raffinate after pH adjustment,
not the PLS obtained at the very beginning of the whole process. After REEs SX, the pH value of
the cobalt-containing raffinate was around 1.16, which is too low for the subsequent cobalt SX.
Therefore, 2M/L sodium hydroxide solutions were added to adjust the pH value to the desired setpoint. After centrifugation and filtration to remove the precipitates, the clear filtrate was used as
the feed for cobalt SX, with 50% saponified 0.5M Cyanex 272 in kerosene being used as the
organic extractant. Equation (9) indicates that a higher pH value of the aqueous solution enhances
the extraction complexation. Meanwhile more impurity elements tend to precipitate as the pH
value of the solution increasing, which is beneficial to the separation process. However, the coprecipitation of cobalt also increased with the pH value (Figure 45). Different feed pH values were
thus tested for cobalt SX to identify the optimum operating pH value. The mass distribution of
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mass distribution in each stage (%)

various metal elements obtained at a feed pH of 4.5 is shown in Figure 44. The results indicate that
approximately 70 wt.% (proportion of PLS feed) of cobalt was extracted at only one cobalt SX
stage. As a comparison, at a pH value of 4 (Figure 43), only around 12 wt.% of cobalt was extracted
at the first cobalt SX stage, which is significantly lower than 70 wt.%. However, about 28 wt.% of
cobalt precipitated during the pH adjustment, which was not desirable. Therefore, the pH value of
4 was decided to be kept for subsequent tests due to a satisfactory cobalt recovery and an
acceptable cobalt loss from the feed pH adjustment. The concentration of each metal element in
different aqueous solutions from these two tests (pH 4, pH 4.5) are shown in the appendix (see
Figure A1, A2).
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Figure 43 Mass distribution (proportion of PLS feed) of various metal elements at different separation
stages following two-stage SX extraction at a feed pH value of 4.
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mass distribution in each stage (%)
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Figure 44 Mass distribution (proportion of PLS feed) of various metal elements at different separation
stages following the one-stage cobalt SX at a pH value of 4.5.
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precipitated mass after pH adjustment (%)
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Figure 45 Precipitated mass percentage (over total mass in PLS) of each major metal element at
different adjusted pH values (after REE SX, before Co SX).

4.3.2.2 Effect of the Concentration of Cyanex 272 (Organic Extractant)
Previous studies suggest that increasing the concentration of the organic extractant improves the
extraction of cobalt due to its increased bonding capacity with cobalt (Lindell et al., 2000; Mubarok
& Hanif, 2016; Tsakiridis & Agatzini-Leonardou, 2005; Tsakiridis & Agatzini, 2004). Therefore,
the concentration of Cyanex 272 in kerosene was increased from 0.5M (15.87 vol.%) to 20 vol.%
and 25 vol.%, separately. The corresponding testing results indicate that around 87 wt.% of cobalt
was extracted at one cobalt SX stage when 20 vol.% Cyanex 272 was used. Approximately 93 wt.%
of cobalt was extracted at one cobalt SX stage when the extractant concentration was increased to
25 vol.%. Therefore, 50% saponified 25 vol.% Cyanex 272 in kerosene was used as an improved
testing condition. Moreover, the original two-stage cobalt SX can be eliminated, and instead, a
one-stage extraction is sufficient for cobalt recovery. However, it is worth mentioning that, as the
concentration of Cyanex 272 increased, the extraction of calcium, magnesium, and nickel also
increased rapidly (Table 9).
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Table 9 Total mass percentage (proportion of PLS feed) of each metal element extracted from
different Co SX stages with different Cyanex 272concentrations.
Cons. of cyanex
272
15.87 vol.% (0.5
M)
25%

SX stages
Two
One

Al

Ca

Co

Mg

Mn

Ni

Zn

82.97%

33.68%

90.92% 53.46% 86.66% 12.22%

24.97%

83.75%

65.05%

93.36% 94.11% 86.51% 92.92%

25.58%

4.3.2.3 Summary
As a result of cobalt SX optimization testing, around 93 wt.% of cobalt (proportion of PLS feed)
was extracted to the organic phase at one cobalt SX stage under the following optimized conditions:
(a) feed pH around 4 (feed for cobalt extraction or the REE SX raffinate after pH adjustment); (b)
50% saponified 25 vol.% Cyanex 272 in kerosene; (c) an O: A ratio of 1.5:1; (c) mixing at 800
rpm for 15 mins and sufficient time for separation at each cobalt SX stage; (d)room temperature
(23°C).

4.3.3 Scrubbing and Stripping of Cobalt-loaded Organic Phase

It was observed during the stripping tests that the blue color in the scrubbed organic phase faded,
which indicates that the majority of the cobalt in the loaded organic phase was stripped into the
aqueous phase. (Figure 46)

B

A

Figure 46 A) Cobalt scrubbing; B) Cobalt stripping.
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The changing trend of the raffinate pH value after scrubbing tests (T=40°C) is given in Figure 47,
which suggests that the pH value of the raffinate after scrubbing started to drop when the sulfuric
acid pH was at or below pH 1.5. Comparing to the data reported in Table 10, it is also the pH
region where metal elements started to be scrubbed. The conditions, i.e., pH=1.5, O: A=1, T=room
temperature, were suitable for scrubbing tests, since around 13 wt.% of calcium, 44 wt.% of
magnesium, and 87 wt.% of nickel were scrubbed, while only about 1.3 wt. % of cobalt was lost
during scrubbing. Meanwhile, temperature (40°C vs. room temperature) was not identified as a
critical factor when the pH value of sulfuric acid was 1.5, and the O/A ratio was 1 (Table 10).
When the sulfuric acid pH was decreased to 1, the temperature became a critical factor in scrubbing.
At a higher temperature, more metals were transferred to the aqueous phase (Table 10). On the
other hand, the conditions, i.e., pH=1, O: A = 2; T=40°C, were desirable for stripping, since around
92 wt. % of cobalt was scrubbed, while only about 24 wt.% of aluminum was co-scrubbed. As a
comparison, 87.28 wt.% of aluminum was transferred to the aqueous phase under the conditions
of pH=1, o: a=1, and T=40°C (Table 10). Therefore, the identified conditions, i.e., pH=1, o: a=2,
T=40°C, are suitable for stripping tests. Under these conditions, around 93 wt. % of cobalt was
stripped, while only approximately 40 wt.% of aluminum was entrained to the strip solution. In
comparison, 98 wt.% of aluminum was transferred to the aqueous phase under the following
conditions: pH=1, o: a =1, T=40°C (Table 11).
Table 12 shows the stripped mass percentage of metal elements as a proportion of the PLS feed,
under the conditions of pH=1.5, o: a=1, T=room temperature for scrubbing, and pH=1, o: a =2,
T=40°C for stripping. As a result of all separation processes, around 85 wt.% of cobalt existing in
the OMEGA PLS feed was concentrated in the strip solution. Meanwhile, approximately 35 wt.%
of aluminum, 53 wt.% of calcium, 44 wt.% of magnesium, and 86 wt.% of manganese stayed.
Most of nickel and zinc were removed, that only around 3 wt.% of nickel and 4 wt.% of zinc
remained in the aqueous phase.
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Figure 47 pH value of the raffinate after scrubbing tests (T=40°C).

Table 10 Scrubbed mass percentage of metal elements (proportion of loaded organic phase).
Scrubbed mass percentage % - proportion of loaded organic phase
Metal elements
Al
Ca
Co
Mg
Mn
pH=5 / O: A = 1 / T=40°C
0.07%
0.08%
0.00%
0.03%
0.00%
pH=4 / O: A = 1 / T=40°C
0.04%
0.11%
0.00%
0.04%
0.00%
pH=3 / O: A = 1 / T=40°C
0.07%
0.12%
0.00%
0.06%
0.06%
pH=2 / O: A = 1 / T=40°C
0.06%
0.10%
0.03%
0.06%
0.13%
pH=1.7 / O: A = 1 / T=40°C
0.21%
0.28%
0.09%
0.23%
0.46%
pH=1.5 / O: A = 1 / T=40°C
0.24%
6.82%
2.36% 44.26% 1.05%
pH=1.5 / O: A = 1 / T =room
0.09%
13.40%
1.39% 44.64% 0.45%
pH=1.3 / O: A = 1 / T=40°C
0.45%
63.04% 52.43% 91.84% 25.85%
pH=1 / O: A = 2 / T=40°C
24.32% 100.00% 92.01% 95.58% 93.73%
pH=1 / O: A = 2 / T =room
10.32% 42.49% 34.64% 63.44% 75.43%
pH=1 / O: A = 1 / T=40°C
87.28% 96.86% 97.26% 98.73% 97.89%
pH=1 / O: A = 1 / T =room
19.27% 59.16% 27.54% 47.04% 70.14%
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Ni
0.12%
0.02%
0.06%
0.12%
0.24%
93.83%
87.73%
91.06%
93.22%
77.09%
96.67%
27.04%

Zn
0.19%
0.14%
0.17%
0.08%
0.53%
0.33%
0.03%
0.30%
4.27%
8.50%
29.19%
8.80%

Table 11 Stripped mass percentage of metal elements (proportion of scrubbed organic phase).
Stripped mass percentage % - proportion of scrubbed organic phase
Metal elements
Al
Ca
Co
Mg
Mn
Ni
Zn
pH=1 / O: A = 1 / T =40°C 98.63% 95.56% 98.69% 99.99% 98.06% 72.26% 50.28%
pH=1 / O: A = 2 / T =40°C 40.83% 85.02% 93.69% 99.33% 97.45% 67.26% 16.08%
Table 12 Stripped mass percentage of metal elements (proportion of PLS feed).
Stripped mass percentage % - proportion of scrubbed organic phase
Metal elements
Al
Ca
Co
Mg
Mn
Ni
pH=1 / O: A = 2 / T =40°C) 35.39% 53.52% 85.41% 44.70% 86.22% 3.87%

Zn
4.07%

4.3.3.1 Summary
Based on all the exploratory and optimization tests performed, the scrubbing tests are suggested to
be conducted at a feed pH value of 1.5, with an O:A ratio of 1 at room temperature. On the other
hand, stripping tests performed at a feed pH value of 1, an O:A ratio of 2 with an elevated room
temperature of 40°C produced the best stripping results among all the tested conditions. Under the
conditions mentioned above, approximately 85 wt. % of cobalt was concentrated from the PLS
into the strip solution, which is ready for the downstream oxalic acid precipitation. About 35 wt. %
of aluminum, 53 wt. % of calcium, 45 wt. % of magnesium, 86 wt. % of manganese, 3 wt. % of
nickel, and 4 wt. % of zinc, referring to the concentration in the PLS, were co-stripped into the
solution, which comprises the major impurities. The test results also suggest a possibility of
separating nickel from cobalt and manganese, while the latter two are coextracted, which may
require further separation.
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4.4 Conclusions

At the REEs SX stage with fixed testing procedures and conditions (Table 7), no cobalt was
extracted with REEs into the organic phase. Also, almost all the magnesium and nickel stayed in
the aqueous raffinate. However, as high as 96 wt. % of iron was extracted. Meanwhile, 71 wt.%
of zinc, 27 wt.% of calcium, 6 wt.% of manganese, and 5 wt.% of aluminum were also co-extracted
to the organic phase. Meanwhile, almost all REEs were extracted to the organic phase, except
lanthanum (La), cerium (Ce), praseodymium (Pr), and neodymium (Nd). However, the mass
extraction of Ce, Pr, and Nd were all above 97 wt.%, and the mass extraction of La was above 91
wt.%, which was considerably high.
Equation (9) indicates that a higher pH value of the aqueous solution enhances the extraction
complexation. Meanwhile more impurity elements tend to precipitate as the pH value of the
solution increasing, which is beneficial to the separation process. However, the co-precipitation of
cobalt also increased with an increase in the pH value. The pH value of 4 where only around 7 wt.%
of cobalt precipitated, was decided to be kept for subsequent tests due to a satisfactory cobalt
recovery and an acceptable cobalt loss from the feed pH adjustment. As a result of cobalt SX
optimization testing, around 93 wt.% of cobalt (proportion of PLS feed) was extracted to the
organic phase at one cobalt SX stage under the following optimized conditions: (a) feed pH around
4 (feed for cobalt extraction or the REE SX raffinate after pH adjustment); (b) 50% saponified 25
vol.% Cyanex 272 in kerosene; (c) an O: A ratio of 1.5:1; (c) mixing at 800 rpm for 15 mins and
sufficient time for separation at each cobalt SX stage; (d)room temperature (23°C).
Based on all the exploratory and optimization tests performed, the scrubbing tests are suggested to
be conducted at a feed pH value of 1.5, with an O:A ratio of 1 at room temperature. On the other
hand, stripping tests performed at a feed pH value of 1, an O:A ratio of 2 with an elevated room
temperature of 40°C produced the best stripping results among all the tested conditions. Under the
conditions mentioned above, approximately 85 wt. % of cobalt was concentrated from the PLS
into the strip solution, which is ready for the downstream oxalic acid precipitation. About 35 wt. %
of aluminum, 53 wt. % of calcium, 45 wt. % of magnesium, 86 wt. % of manganese, 3 wt. % of
nickel, and 4 wt. % of zinc, referring to the concentration in the PLS, were co-stripped into the
solution, which comprises the major impurities. The test results also suggest a possibility of
separating nickel from cobalt and manganese, while the latter two are coextracted, which may
require further separation.
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Chapter 5. Process Validation using A Synthetic Raffinate for
Cobalt Extraction
5.1 Introduction

To validate that the developed testing protocol can be applied to different systems for cobalt
recovery, a synthetic solution following the composition of the Omega PLS REE SX raffinate, but
with an increased concentration of cobalt, was prepared and used to validate the testing protocol
being developed during the study.

5.2 Method
5.2.1 Materials

Five metal elements (i.e., Al, Ca, Co, Mg, Mn) were chosen for the synthetic solution preparation.
HNO3 based - ICP solutions of these five metal elements, all in a 10,000 ppm concentration, were
purchased from Ricca Chemical and shown in Figure 48. Table 13 shows the concentration of
these five metals in the raffinate sample as determined by averaging their respective concentrations
of 23 duplicated REE SX tests with OMEGA pregnant leach solution.

Table 13 The average concentration of each of the five metal elements in the REE SX raffinate
of OMEGA pregnant leach solution.
REE SX raffinate pH Eh, mv Al, ppm Ca, ppm Co, ppm Mg, ppm Mn, ppm
Average
1.16 573.79 2510.10 1141.72
18.66
535.35
82.18
Stdev
0.13 19.82
69.75
40.59
0.36
9.55
1.58

Figure 48 ICP solutions of the five metal elements used in the synthetic solution
preparation.
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The synthetic solution volume prepared for one test was 200ml. The pH value of the synthetic
solution was set as 1.16 following the raffinate generated from Omega PLS (Table 13). Table 14
shows the concentration of each of the five metal elements in the synthetic solution as opposed to
the real system. The concentration of cobalt in the synthetic solution was increased to 1000 ppm
to see if a pure cobalt precipitate can be produced from the downstream precipitation process so
as to validate the overall process. In accordance with the calculations, the volume of each
component solution needed for preparing a 200-ml synthetic solution is given in Table 15.

Table 14 Concentration of the elements in the real REE SX raffinate sample (Omega) and the
synthetic solution.

Concentration

Elements
Real sample
Synthetic solution

mg / L (ppm)

Al
Ca
Co
2510.10 1141.72 18.66
2510.00 1140.00 1000.00

Mg
535.35
540.00

Mn
82.18
80.00

Table 15 Volume of each element ICP solution, sodium hydroxide solution, and DI water needed
for preparing a 200-ml synthetic solution.
ICP volume

ml

2 M NaOH
DI water

ml
ml

Al
50.20

Ca
22.80

Co
20.00
33.57
61.03

Mg
10.80

Mn
1.60

5.2.2 Experimental Procedures and Observations
5.2.2.1 Synthetic Solution Preparation
All the ICP solutions and DI water following the calculated volumes were first mixed to prepare
the synthetic solution. The pink color shown in Figure 49 is the color of cobalt ICP solution, while
all other ICP solutions are transparent. Afterward, 2M NaOH solution was added slowly to the
mixed solution for pH adjustment. Precipitates appeared immediately, and the color was changed
from pink to yellow (Figure 50a). The pH value measured was 3.66, which varied from the
designed pH value, 1.16. After settling overnight, there was almost no precipitate found in the
solution, and the pH value was increased to a value of 3.60 (Figure 50b).
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Figure 49 Pink color of the synthetic solution prior to the addition of NaOH solution (ICP
solutions + DI water).

A

B

Fine white
precipitates

Figure 50 A) The synthetic solution immediately after adding NaOH solution; B) completed
synthetic solution after overnight settling.
5.2.2.2 pH Adjustment
Additional 2 M/L NaOH solution was added to adjust the synthetic solution pH to a value of 4.
Centrifugation and filtration were subsequently applied to remove precipitates, and the pH value
of the remaining filtrate was 3.85.
5.2.2.3 Cobalt SX
The aqueous solution with concentrated cobalt and saponified solvent extractant (i.e., Cyanex)
separately was shown in Figure 51a. After the two phases were added to a glass beaker and in
contact with each other, blue color was immediately observed in the contacting surface area and
then diffused into the organic phase (Figure 51b). During mixing and separation, deep blue color
was seen and shown in Figure 52.
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A

B

Figure 51 A) Aqueous phase (left) and organic phase (right) before SX; B) adding two phases
together before mixing.

A

C

B

Figure 52 Solvent extraction: A) mixing, and B) separation, C) loaded organic phase.
5.2.2.4 Scrubbing & Stripping
The scrubbing test was performed under the following conditions: a) sulfuric acid at pH 1.5; b)
room temperature (23°C); c) an O/A ratio is 1. The scrubbed organic phase was then subjected to
stripping under previously optimized conditions: a) sulfuric acid at pH 1; b) temperature at 40°C;
c) an O: A ratio is 2. The pictures taken during scrubbing and stripping were shown in Figure 53
and Figure 54, respectively. As shown in Figure 54, the blue color in the organic phase faded,
while the pink color appeared in the aqueous phase. It suggests the cobalt stripping efficiency
under the above test conditions.
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A

B

Figure 53 A) Sulfuric acid (left) and loaded organic phase (right) before scrubbing; B)
scrubbing in a separation funnel.

Figure 54 Cobalt stripping in a separation funnel.
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5.3 Results and Discussions

The concentration of each of the five metal elements in the 200 ml prepared synthetic solution was
double checked using the ICP-MS. The corresponding analysis results are given in Table 16, and
all the concentrations were slightly lower than the set values (calculations), however, close enough
for the testing purpose.
Table 16 Concentration, in ppm, of the five metal elements in the 200 ml synthetic solution: setpoints vs. analysis results reported by ICP-MS.
Elements
Set values
Synthetic solution sample

Al
2510.00
2,346.99

Ca
1140.00
1,088.64

Co
1000.00
918.36

Mg
540.00
492.23

Mn
80.00
74.43

Table 17 Mass distribution of the metal elements at each stage (proportion of the synthetic
solution).
Elements
pH adjustment
Precipitated
Cobalt SX
Extracted
Scrubbing tests
Scrubbed
Stripping tests
Stripped

Al
4.93%
95.02%
0.37%
34.58%

Ca
2.44%
97.48%
39.77%
44.98%

Co
1.29%
98.64%
10.52%
88.12%

Mg
2.47%
97.45%
61.87%
24.84%

Mn
1.01%
98.83%
3.64%
82.72%

The mass distribution of the five metal elements at each process stage is shown in Table 17. As
seen, a smaller amount of metals precipitated during pH adjustment with the synthetic solution in
comparison with the real system. Approximately 98 wt.% of cobalt was extracted at the SX stage.
Meanwhile, above 95 wt.% of other metals were co-extracted to the organic phase. On the other
hand, around 39 wt.% of calcium and 61 wt.% of magnesium were scrubbed, while around 10 wt.%
of cobalt was lost from scrubbing. Finally, about 88 wt.% of cobalt was concentrated into the strip
solution, along with other metals. The concentration of each metal element in the synthetic
raffinate, pH adjustment filtrate, cobalt SX raffinate, scrubbing solution, and stripping solution are
shown in the appendix (see Figure A3). The results obtained from the synthetic solution are
relatively consistent, with certain variations being observed. The variation may be due to the
chemistry difference between the real and synthetic systems, such as elemental compositions and
concentrations. However, the test results obtained with the synthetic solution validate that the
developed testing protocol can be applied to different systems for cobalt recovery.
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Chapter 6. Conclusions and Recommendations
6.1 Characterization and Mitigation of Crud Formed During Rare Earth Solvent
Extraction

The formation of crud is very deleterious since it can decrease the solvent extraction efficiency
and cause the loss of organic extractants. The generation of crud follows the descending order of
DLM PLS> Omega PLS > Royal Scot PLS, corresponding to the iron content in the three PLS
feedstocks. The results of synthetic crud experiments indicate that more crud formed and more the
organic phase lost during REEs SX with higher concentrations of iron in the synthetic PLS. The
mineralogical and elemental analysis of the synthetic crud shows that the presence of iron (as
hydroxides) dominates the effect on the initiation of crud formation. Mass balance calculation
results performed on the synthetic crud resulting from the addition of three iron concentrations
show around 25 wt.% of iron in the synthetic PLS were extracted to the synthetic crud on average.
Afterwards, the selective removal of iron species in PLS significantly mitigated the formation of
crud during REEs SX. The mass balance calculation based on the test conducted with a DLM PLS
(prepared in the lab) pH value of 2.5, shows that around 34 wt.% and 65 wt.% (referring to DLM
PLS prepared in the lab) of iron were precipitated out of solution after oxidization process (stage
1) and pH adjustment process (stage 2). There is almost no iron in the solution before REEs SX
process. As a result, a minimum amount of crud was formed. All these evidences indicated that
the substantial as Fe can interfere with the REEs SX process. Moreover, results of crud mitigation
tests suggest that the pH of the PLS plays a critical role in the formation of crud during the REEs
SX process. When the pH range of PLS is around 1 to 3.5, less crud formed as the pH value of
PLS lower.

6.2 Development and Optimization of A Cobalt Extraction Process Using the REE
SX Raffinate

Our previous assessment of REE extraction from AMDp suggests that cobalt usually is enriched
along with REEs. However, during the REE SX process, cobalt stays in the remaining raffinate
instead of co-extracted with REEs. At the REEs SX stage with fixed testing procedures and
conditions, no cobalt was extracted with REEs into the organic phase. Also, almost all the
magnesium and nickel stayed in the aqueous raffinate. However, as high as 96 wt. % of iron was
extracted. Meanwhile, 71 wt.% of zinc, 27 wt.% of calcium, 6 wt.% of manganese, and 5 wt.% of
aluminum were also co-extracted to the organic phase. Meanwhile, almost all REEs were extracted
to the organic phase, except lanthanum (La), cerium (Ce), praseodymium (Pr), and neodymium
(Nd). However, the mass extraction of Ce, Pr, and Nd were all above 97 wt.%, and the mass
extraction of La was above 91 wt.%, which was considerably high.
A higher pH value of the aqueous solution enhances the extraction complexation. Meanwhile more
impurity elements tend to precipitate as the pH value of the solution increasing, which is beneficial
to the separation process. However, the co-precipitation of cobalt also increased with pH value.
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The pH value of 4 where only around 7 wt.% of cobalt precipitated, was decided to be kept for
subsequent tests due to a satisfactory cobalt recovery and an acceptable cobalt loss from the feed
pH adjustment. As a result of cobalt SX optimization testing, around 93 wt.% of cobalt (proportion
of PLS feed) was extracted to the organic phase at one cobalt SX stage under the following
optimized conditions: (a) feed pH around 4 (feed for cobalt extraction or the REE SX raffinate
after pH adjustment); (b) 50% saponified 25 vol.% Cyanex 272 in kerosene; (c) an O: A ratio of
1.5:1; (c) mixing at 800 rpm for 15 mins and sufficient time for separation at each cobalt SX stage;
(d)room temperature (23°C).
Based on all the exploratory and optimization tests performed, the scrubbing tests are suggested to
be conducted at a feed pH value of 1.5, with an O:A ratio of 1 at room temperature. On the other
hand, stripping tests performed at a feed pH value of 1, an O:A ratio of 2 with an elevated room
temperature of 40°C produced the best stripping results among all the tested conditions. Under the
conditions mentioned above, approximately 85 wt. % of cobalt was concentrated from the PLS
into the strip solution, which is ready for the downstream oxalic acid precipitation. About 35 wt. %
of aluminum, 53 wt. % of calcium, 45 wt. % of magnesium, 86 wt. % of manganese, 3 wt. % of
nickel, and 4 wt. % of zinc, referring to the concentration in the PLS, were co-stripped into the
solution, which comprises the major impurities. The test results also suggest a possibility of
separating nickel from cobalt and manganese, while the latter two are coextracted, which may
require further separation.
A smaller amount of metals precipitated during pH adjustment with the synthetic solution in
comparison with the real system. Approximately 98 wt.% of cobalt was extracted at the SX stage.
Meanwhile, above 95 wt.% of other metals were co-extracted to the organic phase. On the other
hand, around 39 wt.% of calcium and 61 wt.% of magnesium were scrubbed, while around 10 wt.%
of cobalt was lost from scrubbing. Finally, about 88 wt.% of cobalt was concentrated into the strip
solution, along with other metals. The results obtained from the synthetic solution are relatively
consistent, with certain variations being observed. The variation may be due to the chemistry
difference between the real and synthetic systems, such as elemental compositions and
concentrations. However, the test results obtained with the synthetic solution validate that the
developed testing protocol can be applied to different systems for cobalt recovery.

6.3 Recommendations for Future Studies

The formation of crud could be the result of the interaction of multiple inducing. In this study, the
presence of iron as polyvalent cations in the PLS took the primary responsibility for the crud
formation and organic loss during SX. However, there could be various principles behind the crud
formation, where further investigation is needed to determine.
In the future, to further remove the impurity metals from cobalt, there could be two ways. One is
to remove metal elements with high concentrations (such as aluminum) from the raffinate solution.
Otherwise, they later would compete with cobalt for the organic extractant during cobalt extraction.
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Instead of one stage, the other way is to use multiple (different conditions) selective precipitation
stages, SX stages, scrubbing stages, and stripping stages to remove impurity metals due to the
complex nature of the PLS. However, this could not be economically available. Considering that
the AMDp and prepared PLS feedstocks studied in this research contain a high concentration of
aluminum and calcium, in the future, identifying AMDp samples with a lower concentration of
gangue metal elements, like aluminum, but are enriched with REEs and cobalt as feed will be
favorable to the process.
Moreover, after stripping, cobalt was concentrated in solutions. Oxalic acid could be used to
precipitate cobalt out, followed by further processing to produce the final cobalt product. During
cobalt extraction, there is a possibility of separating nickel from cobalt and manganese, which can
be further studied in the future.
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Appendix
Table A1. Concentrations of elements in Omega PLS, REE SX raffinate, pH adjustment filtrate, cobalt
SX raffinate, scrubbing solution, and stripping solution from one test (under the optimum conditions:
cobalt SX - 50% saponified 25% Cyanex 272, pH 4; scrubbing – pH 1.5, O:A 1, T=room temperature;
stripping – pH 1, O:A 2, T=40°C )
Elements

Omega PLS

REEs SX
raffinate

Cobalt SX
raffinate

Scrubbing
solution

Stripping
solution

2,630

pH
adjustment
filtrate
2,245

Al

2,589

Sc

mg/
L
mg/
L
mg/
L
mg/
L
mg/
L
mg/
L
mg/
L
mg/
L
mg/
L
mg/
L
mg/
L
ug/L

0.55

0.72

1,295

1,566

1,167

1,078

0.66

65.79

1,158

17.71

19.26

17.45

<0.003

0.34

22.57

8.59

0.25

0.26

0.05

0.11

0.14

498

538

494

0.35

185

335

87.25

85.06

77.90

0.02

0.53

108

19,942

24,430

27,776

33,211

838

12.54

39.38

42.76

38.72

0.16

25.77

2.29

<0.038

6.15

5.03

70.19

5.18

2.43

27.80

29.22

91.61

14.55

25.14

4.19

115

32.30

29.19

0.01

<0.003

6.64

528

0.17

0.61

0.24

0.07

<0.037

Y

ug/L

7,359

0.28

0.52

0.64

0.16

0.10

La

ug/L

1,650

118

108

0.47

0.06

124

Ce

ug/L

4,984

116

105

0.97

0.44

104

Pr

ug/L

785

12.92

11.63

0.06

<0.003

10.12

Nd

ug/L

4,301

54.18

49.10

0.30

<0.008

36.51

Ca
Co
Fe
Mg
Mn
Na
Ni
P
Si
Zn

1

Sm

ug/L

1,246

1.79

1.56

<0.004

<0.004

0.49

Eu

ug/L

314

0.82

0.78

0.03

<0.003

0.01

Gd

ug/L

2,063

1.52

1.49

0.03

<0.003

0.76

Tb

ug/L

358

0.07

0.07

<0.002

<0.002

0.02

Dy

ug/L

2,261

0.10

0.10

0.02

<0.004

<0.004

Ho

ug/L

431

0.01

0.01

0.00

<0.002

<0.002

Er

ug/L

1,217

0.08

0.11

<0.004

<0.004

<0.004

Tm

ug/L

157

<0.002

<0.002

<0.002

<0.002

<0.002

Yb

ug/L

907

<0.004

0.05

<0.004

<0.004

<0.004

Lu

ug/L

130

<0.002

<0.002

<0.002

<0.002

<0.002

Th

ug/L

2.62

<0.007

<0.007

<0.007

<0.007

<0.007

U

ug/L

353

<0.002

0.11

<0.002

<0.002

<0.002

SO4

mg/
L
mg/
L

<2.164

<2.164

<2.164

<2.164

2,792.03

8,415.25

4.26

4.44

9.66

4.13

<0.256

<0.256

Cl
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Figure A1. Concentration of metal elements in different aqueous solutions under the test conditions: pH
4, 50% saponified 0.5M Cyanex 272.

3

Cobalt SX1 raffinate
pH adjustment filtrate
REEs SX raffinate
Omega PLS

Log concentration (mg/L)

1000

100

10

1

0.1

0.01

Al

Ca

Co

Fe

Mg

Mn

Ni

Zn

Figure A2. Concentration of metal elements in different aqueous solutions under the test conditions: pH
4.5, 50% saponified 0.5M Cyanex 272.

Table A2. Concentration of elements in different aqueous solutions under the test conditions: pH 4.5,
50% saponified 0.5M Cyanex 272.
Elements
Al
Ca
Co
Fe
Mg
Mn
Na

mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L

Omega
PLS
2,351
1,529
17.25
10.20
489
83.09
23,445

REEs SX
raffinate
2,394
1,090
18.57
0.10
524
80.45
23,965

pH adjustment filtrate
1,127
985
14.16
0.21
440
64.49
30,032
4

Cobalt SX1
raffinate
2.41
502
0.24
0.05
196
0.49
31,617

Ni
P
Si
Zn
Sc
Y
La
Ce
Pr
Nd
Sm
Eu
Gd
Tb
Dy
Ho
Er
Tm
Yb
Lu
Th
U
SO4
Cl

mg/L
mg/L
mg/L
mg/L
ug/L
ug/L
ug/L
ug/L
ug/L
ug/L
ug/L
ug/L
ug/L
ug/L
ug/L
ug/L
ug/L
ug/L
ug/L
ug/L
ug/L
ug/L
mg/L
mg/L

38.96
0.76
27.20
117
677
6,740
1,646
4,966
788
3,872
1,129
287
1,806
317
1,919
381
1,022
132
799
115
<0.007
288.61
<3.150
5.65

41.85
6.42
28.56
32.88
0.15
1.39
118
115
12.32
50.07
2.16
1.00
2.31
0.25
0.60
0.19
0.24
<0.002
<0.004
<0.002
<0.007
<0.002
<3.150
4.32

29.58
3.01
60.79
23.58
0.32
0.22
97.76
84.04
9.76
41.04
1.32
0.62
1.14
0.10
<0.004
0.05
<0.004
<0.002
<0.004
<0.002
<0.007
<0.002
<3.150
7.27

26.50
0.44
3.99
0.04
<0.037
0.12
0.27
0.48
<0.003
0.24
<0.004
0.50
<0.003
0.04
<0.004
0.03
<0.004
<0.002
<0.004
<0.002
<0.007
<0.002
<3.150
6.95

Table A3. Concentration of cobalt in different aqueous solutions and volume of each aqueous phase
solution, under the test conditions: pH 4.5, 50% saponified 0.5M Cyanex 272.

Concentration
volume

REEs SX stage
pH adjustment stage
Cobalt SX stage

mg/L
ml
ml
ml

5

Omega
PLS

REEs SX
raffinate

17.25
100.00
-

18.57
97.50
80.00
-

pH
adjustment
filtrate
14.16
77.00
60.00

Cobalt
SX
raffinate
0.24
59.80

Table A4. Mass calculation of cobalt in different aqueous solutions based on the data in table A2 and A3,
under the test conditions: pH 4.5, 50% saponified 0.5M Cyanex 272.
Omega
PLS

Mass

REEs SX stage
pH adjustment stage
Cobalt SX stage

mg
mg
mg

1.73
-

REEs
pH
Cobalt
SX
adjustment
SX
raffinate
filtrate
raffinate
1.81
1.49
-

1.09
0.85

0.01

Table A5. Individual mass percentage of cobalt at different stages based on the data in table A4 under the
test conditions: pH 4.5, 50% saponified 0.5M Cyanex 272.
Individual

Mass

Omega
PLS

REEs SX
raffinate

pH
adjustment
filtrate

Cobalt SX
raffinate

-

100%
-

73%
-

98%

REEs SX (not extracted)
pH adjustment (remaining in solution)
Cobalt SX (extracted)

Table A6. Cumulative Mass percentage of cobalt at different stages based on the data in table A5, under
the test conditions: pH 4.5, 50% saponified 0.5M Cyanex 272.
Cumulative

Mass

Omega
PLS

REEs SX
raffinate

pH
adjustment
filtrate

Cobalt SX
raffinate

-

100%
-

73%
-

72%

REEs SX (not extracted)
pH adjustment (remaining in solution)
Cobalt SX (extracted)

6
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Figure A3. Concentration of elements in the synthetic raffinate, pH adjustment filtrate, cobalt SX
raffinate, scrubbing solution, and stripping solution from one test (under the optimum conditions: cobalt
SX - 50% saponified 25% Cyanex 272, pH 4; scrubbing – pH 1.5, O:A 1, T=room temperature; stripping
– pH 1, O:A 2, T=40°C ).

Table A7. Concentration of elements in the synthetic raffinate, pH adjustment filtrate, cobalt SX raffinate,
scrubbing solution, and stripping solution from one test (under the optimum conditions: cobalt SX - 50%
saponified 25% Cyanex 272, pH 4; scrubbing – pH 1.5, O:A 1, T=room temperature; stripping – pH 1,
O:A 2, T=40°C ).
mg/L
Al
Ca
Co
Mg
Mn

Synthetic
raffinate
2,347
1,089
918
492
74.43

pH adjustment
filtrate
2,204
1,049
895
474
72.77

Cobalt SX
raffinate
1.24
0.78
0.60
0.36
0.11

7

Scrubbing
solution
5.62
353
81.34
192
2.28

Stripping
solution
1,311
721
1,280
265
99.72

Table A8. Concentration and mass of elements in the synthetic raffinate and stripping solution, from one
test (under the optimum conditions: cobalt SX - 50% saponified 25% Cyanex 272, pH 4; scrubbing – pH
1.5, O:A 1, T=room temperature; stripping – pH 1, O:A 2, T=40°C ).
Metal
elements
Al
Ca
Co
Mg
Mn

Synthetic raffinate
160 ml
Mass (mg)
Concentration (mg/L)
376
2347
174
1089
147
918
78.76
492
11.91
74.43

8

Stripping solution
17 ml
Mass (mg)
Concentration (mg/L)
22.29
1311
12.26
721
21.76
1280
4.51
265
1.70
99.72

